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A fidelidade da síntese proteica é fundamental para a estabilidade do proteoma 
e para a homeostasia celular. Em condições fisiológicas normais as células 
têm uma taxa de erro basal associada e esta muitas vezes aumenta com o 
envelhecimento e doença. Problemas na síntese das proteínas estão 
associados a várias doenças humanas e aos processos de envelhecimento. 
De facto, a incorporação de erros nas proteínas devido a tRNAs carregados 
pelas aminoacil-tRNA sintetases com o amino ácido errado causa doenças 
neurodegenerativas em humanos e ratos. Ainda não é claro como é que estas 
doenças se desenvolvem e se são uma consequência directa da disrupção do 
proteoma ou se são o resultado da toxicidade produzida pela acúmulação de 
proteínas mal traduzidas ao nível do ribossoma. Para elucidar como é que as 
células eucarióticas lidam com proteínas aberrantes e agregados proteicos 
(stress proteotóxico) desenvolvemos uma estratégia para destabilizar o 
proteoma. Para isso estabelecemos um sistema de erros de tradução em 
embriões de peixe zebra que assenta em tRNAs mutantes capazes de 
incorporar erradamente serina nas proteínas. As proteínas produzidas neste 
sistema despoletam as vias de resposta ao stress, nomeadamente a via da 
ubiquitina-proteassoma (UPP – “ubiquitin protesome pathway”) e a via do 
retículo endoplasmático (UPR – “unfolded protein response”). O stress 
proteotóxico gerado pelos erros de tradução altera a expressão génica e perfis 
de expressão de miRNAs, o desenvolvimento embrionário e viabilidade, 
aumenta a produção de espécies reactivas de oxigénio (ROS), leva ainda à 
acumulação de agregados proteicos e à disfunção mitocondrial. As 
malformações embrionárias e fenótipos de viabilidade que observámos foram 
revertidos por antioxidantes, o que sugere que os ROS desempenham papéis 
importantes nos fenótipos degenerativos celulares induzidos pela produção de 
proteínas aberrantes e agregação proteica. Estabelecemos ainda uma linha de 
peixe zebra transgénica para o estudo do stress proteotóxico. Este trabalho 
mostra que a destabilização do proteoma em embriões de peixe zebra com 
tRNAs mutantes é uma boa metodologia para estudar a biologia do stress 
proteotóxico visto que permite a agregação controlada do proteoma, 
mimetizando os processos de agregação de proteínas que ocorrem 































Protein synthesis fidelity is pivotal for proteome stability and cellular 
homeostasis. Even though normal physiologic conditions have an associated 
low protein synthesis error rate, this is frequently increased with aging and 
disease and the resulting protein misfolding is associated with various human 
diseases and aging processes. Importantly, gene mistranslations produced by 
tRNA misreading in the ribosome or tRNA mischarging by aminoacyl-tRNA 
synthetases cause neurodegenerative diseases in humans and mice. It is not 
yet clear how such diseases develop and whether they are a direct 
consequence of proteome disruption or a result of the toxicity produced by 
accumulation of mistranslated proteins. To elucidate how eukaryotic cells cope 
with protein misfolding and aggregation (proteotoxic stress) we have developed 
a strategy to destabilize the proteome in a regulated manner. We engineered 
transfer RNA (tRNAs) to misincorporate serine into proteins in zebrafish 
embryos. The mutant proteins misfold, trigger the unfolded protein response 
(UPR), up-regulate the ubiquitin proteasome pathway (UPP) and down-regulate 
protein synthesis. Proteotoxic stress generated by these gene mistranslations 
has strong effects on gene expression and miRNA profiles, embryo 
development and viability, increases the production of reactive oxygen species 
(ROS), accumulation of protein aggregates and mitochondrial dysfunction. 
Interestingly, embryo malformations and viability phenotypes could be reversed 
by ROS scavengers, suggesting that ROS play major roles in the cell 
degeneration phenotypes induced by protein misfolding and aggregation. We 
have also established a transgenic zebrafish line for proteotoxic stress studies. 
Hence, proteome mutagenesis by misreading tRNAs in zebrafish embryos is a 
powerful methodology to destabilize the proteome to study the biology of 
proteotoxic stress, it allows for controlled proteome aggregation and mimicking 
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This thesis is organized in five chapters. Chapter 1 is a general introduction 
focused on eukaryotic translation, translational and post-translational quality control 
mechanisms and also, on miRNA biogenesis and function. In chapter 2 we describe a 
mistranslation model of proteotoxic stress in zebrafish embryos and explore the 
cellular responses to proteotoxic stress. Chapter 3 describes the characterization of 
miRNA and mRNA profiles of zebrafish embryos subjected to mRNA 
mistranslation. Chapter 4 describes the establishment of a zebrafish transgenic line to 
study protetoxic stress. Finally, chapter 5 is a general discussion that addresses the 













































































1. General introduction 
 
1.1. Eukaryotic translational control 
Translation is a complex and highly regulated process that mediates the flow of 
information from the genome to proteins - the main building blocks of the cell. 
Information encoded in the genes is copied during transcription to messenger RNA 
(mRNA), and is then decoded by the ribosome where amino acids are incorporated 
into proteins. Translation can be divided mechanistically in three major sequential 
steps, namely initiation, elongation and termination. During the initiation step the 
eukaryotic initiation factors (eIFs), the initiator tRNAiMet and the ribosomal subunits 
40S and 60S assemble with the mRNA. After this, protein synthesis starts and the 
ribosome moves along the mRNA until in encounters a stop codon. Translation 
termination releases the newly synthetized protein and the various components of the 
translational machinery, which are recycled for new rounds of translation. 
 
1.1.1. Translation initiation 
Translation initiation can be divided in several steps (Figure 1.1). Firstly, the 
tRNAiMet binds to the eIF2-GTP to form a ternary complex in a process regulated by 
eIF2B. This ternary complex then binds the 40S ribosomal subunit and its associated 
initiation factors (eIF3, eIF1, eIF1A, eIF5) to form the 43S preinitiation complex. The 
eIF3 factor prevents premature association between the 40S and the 60S subunits and 
promotes ribosomal mRNA scanning along the mRNA 5’-untranslated region (5’-UTR). 




subunit and also promote mRNA scanning. The eIF5 induces hydrolysis of the GTP 
bound to eIF2 when the initiation codon is recognized by the tRNAiMet. 
The eIF4F complex (composed by eIF4E, eIF4A and eIF4G) and eIF4B are 
responsible for the activation of the mRNA for translation. The eIF4E is responsible for 
the cap-binding activity, while eIF4A has helicase activity that resolves 5’-UTR 
secondary structure with the cooperation of the eIF4B factor. The other component, 
eIF4G, binds eIF4E and the poly(A) binding protein PAB, thus assembling the EIF4 
complex and its subsequent binding of the mRNA. The eIF4 complex recognizes the 5’-
UTR of polyadenilated and capped mRNA and promote 5’-UTR unwinding, this 
prepares the mRNA for assembly with the 43S complex.  
The activated mRNA and the 43S complex associate forming a stable preinitiation 
48S complex that scans the mRNA 5’-UTR until the initiation AUG codon is 
recognized. The recognition of the initiation codon by the initiator tRNAiMet activates 
eIF2-GTP hydrolysis with Pi release and promotes the assembly of the 60S subunit. 
Association of the 60S subunit to the previous 48S complex and posterior eIF 
dissociation (eIF2-GDP, eIF1, eIF3, eIF4F) is triggered by eIF5B-GTP. Finally, eIF5B-
GTP hydrolysis allows for the factor own release alongside with eIF1A, leaving the 80S 





Figure 1.1. Canonical eukaryotic translation initiation model.  
Illustration of the 80S initiation complex (steps 2-9) and ribosomal subunit recycling (1). Early 
steps of translation initiation begin with the formation of the ternary complex tRNAiMet-eIF2-
GTP (2), and posterior association with the 40S and eIFs (3). After this the 43S complex is 
recruited to the activated mRNA(4), where it scans the 5’ untranslated region (5’-UTR) until an 
initiation codon is recognized (5-7). Finally, joining of the 60S and displacement of the eIFs 




1.1.2. Translation elongation and termination 
The elongation phase is a cyclic process where a charged tRNA is delivered to the 
80S ribosome A-site, the peptidyl bond formation occurs followed by translocation of 
the peptidyl tRNA from the A-site to the P-site, freeing the ribosomal A-site for a new 
round of elongation (Figure 1.2 I). The eukaryotic elongation factor 1A-GTP (eEF1A-
GTP) binds the aminoacyl-tRNA and delivers it to the ribosomal A-site. After this, GTP 
hydrolysis allows for tRNA accommodation and elongation factor release from the 
ribossome. Following the ribosome catalysed peptide bond formation between the 
growing peptide at the P-site and the new amino acid of the A-site, the polypeptide is 
bound to tRNA located at the A-site. The eEF2-GTP translocates and pushes the 
peptidyl-tRNA into the P-site and the deacylated tRNA into the E-site, exposing a free 
A site for a new cycle of tRNA selection. These reactions shift the ribosome 3 
nucleotides along the mRNA to read the next codon. Translation progresses until the 
ribosomes reach a stop codon and release factors bind to it (Figure 1.2 II). For 
translation termination to occur the eRF1 and associated eRF3-GTP recognize the stop 
codon triggering the hydrolysis of the ester bond between the tRNA in the P-site and the 
polypeptide chain. The translation machinery then dissociates and can be re-used to 
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1.1.3. Translation accuracy  
Translation is a highly efficient and accurate process, however errors 
(mistranslation) occur at an estimated rate of 10-4 [3-5]. Considering this typical error 
rate, it is estimated that approximately 15% of polypeptides contain at least one 
misincorporated amino acid, indicating that translational errors may contribute to 
protein misfolding and aggregation [3]. Amino acid misincorporation errors can happen 
as a result of tRNA misacylation or incorrect tRNA selection by the ribossome. 
Decoding errors at the ribosome occur as well, these are mainly nonsense and missense 
errors (Figure 1.3). Nonsense or processivity errors are mainly stop codon readthrought, 
frameshifting, premature termination and ribosome drop off [3]. Readthrough errors 
occur when translation does not end at stop codons, leading to the production of 
proteins with extended C-termini [6, 7]. Frameshifting and premature termination are 
processivity errors that lead to the production of misframed and truncated proteins, 
respectively. Premature termination is the most frequent of the processivity errors with a 
frequency of 10-3 and is mainly caused by ribosome editing, a process by which non-
cognate peptidyl-tRNA dissociates from the ribosomal P site due to the tRNA weak 
interaction with the mRNA being translated [8, 9]. Frameshifting errors are due to 
slippage of the tRNA to the -1 or +1 reading frame. These errors occur at a frequency of 
10-5 in E. coli [6, 10]. Such translational errors may be influenced by physiology but 
they are also influenced by tRNA base modifications and tRNA abundance. Indeed, 
base modifications help stabilize the tRNA structure and permit codon wobbling during 
codon recognition, contributing to translational accuracy [5]. On the other hand, tRNA 
abundance is fundamental to control translational speed and accuracy since tRNA 
availability is the limiting step in translation [3, 11]. Near cognate tRNAs compete with 








Figure 1.3. Translational errors.  
In this example a ribosome pauses at ACA codon and waits for the cognate tRNA. During this 
waiting period one of three situations can occur. In the first example elongation with the cognate 
tRNA occurs leading to the production of the correct polypeptide. In the second example 
elongation proceeds with a near cognate tRNA thus leading to a missense error. In the last 
example a non-cognate tRNA causes premature termination of translation due to recognition by 
release factors, spontaneous ribosome dropoff or frameshifting leading to nonsense errors [7]. 
 
Missense errors can be introduced by mischarged tRNAs (Figure 1.4). Aminoacyl 
tRNA-synthethases (AARSs) catalize amino acid activation and charging on the tRNAs 
in a two-step reaction involving activation of the amino acid by ATP with loss of PPi 




enzymes are characterized by complex, multi-domain architectures in which synthetic 
and editing functions are located into different structural regions. Aminoacylation is a 
very accurate process with an estimated error rate of 10-4 to 10-5 [13]. However, correct 
amino acid recognition can be difficult for chemically and physically similar amino 
acids and some AARSs are able to correct mischarged tRNAs using an editing 
mechanism [5]. Non-cognate amino acid editing can occur independently of the tRNA 
by hydrolysis of the adenylated amino acid (pre-transfer editing). If this fails, the 
incorrectly aminoacylated tRNA moves its 3’-end to the editing site where the ester link 
between the tRNA and amino acid is hydrolyzed (post-transfer editing). Post-transfer 
editing can also be accomplished by trans acting factors such as tRNA deacylases 
following tRNA charging and release from the aaRS [5]. The editing properties of 
aaRSs are of major importance to ensure accurate protein synthesis. Indeed, a mouse 
model harboring a mutation in the editing site of the alanyl-tRNA synthetase (AlaRS) 
has high level of mistranslation, protein misfolding and neuronal death [14]. 
Interestingly, the ribosome is unable to discriminate between correctly acylated and 
misacylated tRNAs, indicating that mischarged and correctly charged tRNAs 











Figure 1.4. AaRS and ribosome quality control.  
A) tRNA aminoacylation. The cognate amino acid is recognized and adenylated in the active 
site of the aaRS. This is followed by the binding of the amino acid to the 3’ end of the cognate 
tRNA. B) Pre-transfer and post-transfer editing by the aaRS. When a non-cognate amino acid is 
adenylated the active site has a mechanism to hydrolyse and release the amino acid. When non-
cogante amino acids are incorrectly attached to tRNA the editing site of the aaRS hydrolyses the 
ester bond and releases the tRNA and non-cognate amino acid. If the mischarged tRNA is 
released, additional trans factors can hydrolyze it (trans editing). C) Polypeptide synthesis. Non 










1.2. Post translational protein quality control 
Even though the translational process has several quality control mechanisms 
errors still occur in polypeptide synthesis and their removal requires quality control 
systems to prevent proteotoxic stress. Indeed, proteins often misfold due to amino acid 
misincorporations, stress conditions or unique metabolic challenges, such as those 
occurring during amino acid starvation and human diseases [15]. Protein quality control 
(PQC) mechanisms prevent proteotoxic stress through the destruction or salvage of 
aberrant proteins, using molecular chaperones, the ubiquitin proteasome pathway, 
endoplasmic reticulum associated degradation (ERAD) and autophagy [15]. 
 
1.2.1. Quality control in the cytosol 
Increased protein misfolding affects cellular proteostasis putting the cell on 
demand for a fast response to control and maintain cellular homeostasis. Cellular 
responses to protetoxic stress involve up-regulation of molecular chaperones, the 
ubiquitin proteasome pathway and autophagy which intervene to re-fold or destroy 





Figure 1.5. Cytosolic proteostais network.  
Various quality control mechanisms contribute to cellular proteostasis. Molecular chaperones 
are responsible for protein de novo folding and refolding following stress conditions. When 
aberrant proteins escape chaperone management they may accumulate in insoluble aggregates 
that can be subsequently cleared by autophagy. On the other hand chaperones target aberrant 
proteins to the ubiquitin proteasome system for destruction [16]. 
 
Chaperones are mainly involved in folding of newly synthesized polypetides and 
articulate with other quality control mechanisms to prevent protein aggregation or 
accumulation of terminally aberrant proteins (Figure 1.5, Figure 1.6). Chaperones 
recognize exposed polypeptidic hydrophobic stretches that are usually buried in the 
protein core. When these are exposed the non-native interactions increase alongside 
with the potential for protein aggregation. To improve protein folding and prevent 
protein misfolding two chaperone networks assist folding during and post-synthesis [17, 
18]. The first chaperone network is associated with the translation machinery. It 
stabilizes nascent polypeptides and assists de novo folding. The second layer of heat 






Figure 1.6. Proteostasis maintenance by molecular chaperones.  
Protein misfolding situations can be resolved by an interconnected chaperone assisted re-
folding, degradation or delivery to quality control compartments. Each strategy has associated 
benefits and risk and all rely on molecular chaperone intervention. The balanced action of the 
proteostatis molecular network maintains cellular fitness and is essential to maintain cellular 
balance [15]. 
 
Chaperones are crucial for proper cell functioning and their expression can either 
be constitutive or induced by stress conditions. They can be classified accordingly to 
their molecular mass (for example: HSP70) and small HSPs [18]. Each chaperone 
family has several isoforms and many chaperones, namely HSP90 or HSP70 have co-
chaperone factors that regulate their activity. In addition, they can perform their 
functions at different levels of the proteostasis network. The HSP60 member chaperonin 
TRiC/CCT and Hsp70s can associate with the ribosome and facilitate folding of 
complex proteins [15, 16]. Hsp70s, Hsp90s, and the sHSPs are committed to stability, 
refolding and degradation [15]. One of the most important families of chaperones is 
HSP70. Members of this chaperone class are involved in co- or post-translational 
folding and protein trafficking and assist proteolytic degradation of aberrant proteins. 
Besides this array of functions, these chaperones have a wide cellular distribution and 
can be found mainly in the cytosol, but are also present in the ER and in the 




in HSC70 constitutively expressed and in HSP70 stress inducible forms. HSP70 has an 
ATPase domain which is responsible for peptide binding. HSP70 shifts between ATP 
and ADP bound states and this regulates client protein binding affinity. Protein binding 
is facilitated by ATP and ATP hydrolysis is necessary to stabilize and maintain protein 
interaction. But, the ATPase activity of HSP70 is very low and cofactors, such as DNAJ 
proteins and nucleotide exchange factors are required to enhance HSP70 activity [19]. 
Binding occurs at polypeptide regions exposed in non-native states and affinity is 
improved by the co-chaperone HSP40 which accelerates ATP hydrolysis and stabilizes 
chaperone substrate interaction. HSP40 can also recognize unfolded proteins and 
subsequently recruit HSP70 to stabilize these misfolded proteins [18-20]. 
The HSP90 is another important chaperone family. It works downstream of 
HSP70 chaperones, participates in the late stages of de novo folding and also contributes 
to protein refolding and degradation following stress conditions. Several of the client 
proteins of HSP90 are transcription factors and protein kinases, suggesting that HSP90 
may be an important modulator of processes such as cell cycle, development and stress 
response [21]. Even though the mechanism has not been elucidated the activity of 
HSP90 requires ATP and several co-chaperones modulate its activity [21]. In the case of 
client proteins, such as steroid hormone receptors, HSP90 is recruited to its clients in 
cooperation with the HSP70/HSP40 system. Binding specificity of this chaperone is 
also not well known and, in some cases, it can be provided by adaptor proteins as is the 
case of client protein kinases that are probably recognized not by HSP90 itself [22]. 
HSP90 and HSP70 chaperones can also promote degradation of client proteins through 
interaction with the carboxyl terminus of HSC70-interacting protein (CHIP). Even 
though this regulatory mechanism in not well understood, CHIP, an E3 ubiquitin ligase, 




chaperone complexes and target them for proteasomal degradation [23]. Another 
relevant class of HSPs is the small HSPs, these chaperones have the capacity to bind 
and maintain misfolded and unfolded polypeptides in folding competent state. 
Therefore, they are important during recovery from stress where resolving protein 
aggregates becomes essential (Figure 1.7). This diverse family of proteins is largely 
present in the eyes tissue, but they are present in other cell types such as neurons and 
muscle cells [24]. They are characterized by low molecular mass (15-43 kDa) and a 
conserved α-crystallin domain. sHSPs are distinct from other disaggregating chaperones 
such as HSP70 and HSP100 because their activity does not depend on ATP hydrolysis 
[25-27]. These chaperones form oligomers; small oligomers of HSPB8 and big 
multimers of HSPB1 and HSPB5 [27] provide additional proteome protection against 
protein misfolding and aggregation. Several human diseases are associated with defects 
in these chaperones, and their expression is increased in the context of 
neurodegenerative diseases such as Alzheimer's and Parkinson's disease [27]. The 
HSPB1 helps disaggregating intrinsically disordered proteins, such as α-synuclein and 
tau and also amyloid peptides [27]. These sHSP work in coordination with other 
molecular chaperones, such as HSP70, and help transfer partially aggregated proteins to 
refolding chaperones. The latter can target the client proteins of sHSPs to proteasomal 
























































































































































































bind ubiquitin to a target protein at lysine residues. In this process several ubiquitin 
molecules are sequentially added to the initial ubiquitin to form a polyubiquitin chain 
necessary for proteasomal recognition [28]. The eukaryotic 26S proteasome is 
composed by a 20S proteolytic core and two 19S ATP-dependent regulatory caps. The 
19S cap recruits ubiquitin conjugates and delivers them to the 20S subunit. The 19S cap 
is responsible for target recognition, ubiquitin cleavage, polypeptide unfolding and 
delivery to the 20S subunit proteolytic core [28]. Even though the mechanism that 
articulates the chaperone network and UPS is not fully understood these quality control 
systems communicate and the chaperone machinery interacts with the UPS to destroy 
aberrant proteins. Indeed, E3 ubiquitin ligases can ubiquitinate client proteins in a 
HSP70 dependent fashion [15]. Furthermore, the UPS also degrades misfolded proteins 
that originate in the ER in a degradation pathway known as endoplasmic reticulum 
associated degradation (ERAD) [29]. In mammalian cells the ER folds around 7500 
different proteins and considering that aproximatly 30% of nascent proteins are 
aberrantly synthesized at the ribosome the ERAD is essential to maintain ER 
homeostasis [28, 30]. These misfolded proteins are recognized by ER chaperones, such 
as BIP, and retrotranslocated to the cytoplasm where degradation occurs by the UPS 
[28]. The functions of the UPS in eurkaryotic cells extend well beyond aberrant 
polypeptide destruction. Indeed, this proteolytic system is involved in several aspects of 
cellular regulation, namely regulation of the transcription factors NFkB, p53, c-jun, β-




























































































































































proteasomal activity inhibition autophagy is activated in a compensatory fashion. For 
example, autophagy can relieve the cell from misfolded proteins originated in the ER 
when the UPS in unable to degrade them [33]. 
 
1.2.2. Protein folding and quality control in the endoplasmic reticulum 
The endoplasmic reticulum (ER) provides a folding environment for proteins of 
the secretory pathway which are destined to the Golgi compartment, plasma membrane, 
lysosomes and the extracellular region. It possesses enzymes that maintain the oxidizing 
potential, that allows for disulfide bond formation, relative to the cytoplasm, and 
catalyze post-translational modifications. Protein maturation mechanisms are strictly 
controlled, insuring that only correctly folded and modified proteins reach the secretory 
pathway. It has a high concentration of folding chaperones and a sophisticated quality 
control system, the unfolded protein response (UPR) and a dedicated protein 
degradation system, the ERAD, which are activated in cases of protein unfolding and 
misfolding [34]. The UPR senses the status of the folding ability of the ER, and 
reprograms its activity to improve folding capacity of the organelle [35]. Upon the 
accumulation of misfolded and/or aggregated proteins in the ER the UPR is activated by 
means of three different signaling branches (Figure 1.10). These are the splicing of the 
transcript of XBP1 by IRE1, phosphorylation of the translation initiation factor eIF2-α 
by PERK and cleavage of the transcription factor ATF6 [29]. These signaling cascades 
increase the folding capacity of the ER, and ultimately target misfolded/aggregated 
proteins to salvage and refolding pathways or to degradation by the 26S proteasome 
and/or autophagy [29]. The chaperone BIP directly coordinates activation of the UPR 
signaling by misfolded protein recognition. Under normal conditions this chaperone 
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Upon oligomerization a trans-autophosphorylation reaction phosphorylates PERK 
itself but also phosphorylates the α-subunit of eukaryotic translation initiation factor-2 
(eIF2α). The phosphorylation of eIF2α prevents recycling of the eIF2-GDP/GTP by 
eIF2B, thereby reducing the availability of this factor necessary for ternary complex 
assembly and translation initiation [38-40]. Even though the phosphorylation of eIF2α 
slows down translation rate, the transcription factor ATF4 is activated, leading to 
transcription of genes related to ER oxidative response, apoptosis and chaperones [37, 
41]. The last level of UPR control is executed by ATF6. This transmembranar protein 
has a stress sensing domain in the ER lumen that binds BIP. When Bip is recruited by 
misfolded proteins, the free ATF6 is delivered to the Golgi apparatus where its cytosolic 
domain is cleaved producing yet another transcription factor that controls the expression 
of chaperones and apoptotic factors [42]. When the UPR is insufficient to sustain the 
folding load of the ER and terminally misfolded, inefficiently modified proteins and 
unassembled members of multiprotein complexes accumulate in the ER lumen, the 
ERAD is activated. This quality control mechanism associates with the cytosolic UPS to 
degrade aberrant proteins. To do this, ERAD mediates the retrotranslocation of proteins 
to the cytoplasm with subsequent modification with polyubiquitin chains and 
degradation by the 26S proteasome [37].  
 
1.2.3. Dealing with protein aggregation 
Although the proteostasis network is very dynamic and robust, sustained stress 
conditions can produce aberrant proteins and ultimately lead to the accumulation of 
protein inclusion bodies or aggregates. This can happen when the production of aberrant 
proteins or a combination of stressors overwhelms the folding or degradative capacity of 




perspectives have emerged showing that aggregate formation is more than a random 
cellular process and that misfolded proteins are deposited in specific cellular locations 
[43]. Indeed, different types of protein deposits have been observed in eukaryotic cells, 
which can accumulate terminally insoluble aggregated proteins, or even misfolded 
proteins and the associated refolding chaperones or degradation machinery. Thus, the 
assembly of protein aggregates is associated with the quality control network [44]. 
Assembly of protein deposits in the perinuclear region occurs as a result of several 
stress conditions such as proteasome inactivation [15]. An example of perinuclear 
protein aggregation is the mammalian aggresome, which co-localizes with the 
microtubule organizing center in the perinuclear region. These protein deposits are 
located to indentations of the nuclear envelope and due to their association with the 
microtubule organizing center are associated with the centrioles [45]. The process of 
aggresome assembly is initiated by the formation of small polyubiquitinated protein 
aggregates. These aggregates are scattered throughout the cytoplasm and associate with 
the cytoskeleton to be transported alongside the microtubules to the microtubule 
organizing center (MTOC) by HDAC6 associated to dynein where they accumulate 
(Figure 1.11A) [46]. 
Recently two compartments involved in the sequestration and degradation of 
protein aggregates have been described, namely the juxtanuclear quality control (JUNQ) 
and the insoluble protein deposit (IPOD) (Figure 1.11B) [43]. These structures have 
distinct functions in protein aggregate handling and are conserved from yeast to 
mammals. The JUNQ deals with soluble misfolded proteins tagged with polyubiquitin 
and for this it concentrates disaggregating chaperones and the 26S proteasome. 
Moreover, it is located close to the perinuclear/endoplasmic reticulum region involved 
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The mechanism underlying protein aggregate formation and distribution into 
specific cellular compartments is still not understood. However, polyubiqutin tags 
separate proteins addressed to the JUNQ and the IPOD [43]. 
 
1.3. Implications of mistranslation for cellular homeostasis 
The introduction of errors into nascent polypeptides (mistranslation) during 
translation leads to the production of mutant proteins with increased potential for 
misfolding, toxicity or aggregation [15]. Therefore, mistranslation is mainly regarded as 
deleterious since it induces proteotoxic stress. However, mistranslation can be beneficial 
in mistranslating yeast grown in the stress conditions [47]. Remarkably, in the fungus 
Candida albicans, natural mistranslation of CUG codons generates phenotypic diversity 
and increases adaption to stress conditions [48, 49]. Moreover, in yeast and mammalian 
cells, tRNA misacylation with methionine occurs in response to oxidative stress. In this 
situation there is methionine misincorporation at sites of charged or polar amino acids. 
As a result, the Met substitutions happen at exposed sites in the proteins structure 
allowing them to function as scavengers for reactive oxygen species (ROS) [50]. 
Despite these beneficial aspects, mistranslation and derived proteotoxic stress have a 
negative impact on proteostasis of higher vertebrates and are involved in several human 
pathologies and senescence. Studies in the worm Caenorhabditis elegans show that 
during ageing there is extensive proteome aggregation due to loss of proteostasis [51, 
52]. Furthermore, loss of proteostasis in specific cellular locations can also occur as a 
result of mistranslation. For example, loss of proteostasis in the ER with concomitant 
accumulation of misfolded proteins saturates the organelle’s folding capacity and 




Importantly, disruption of the normal ER functioning has been implicated in a plethora 
of human diseases including Alzheimer disease, prion disease, cystic fibrosis and 
diabetes mellitus [35, 53]. 
Upon stress conditions the ER activates the UPR and ERAD. The UPR balances 
the ER folding capacity and enhances secretory capacity, while the ERAD is 
responsible for protein retro-translocation and destruction of damaged proteins. In a 
multicellular organism, different cell types have different physiological commitments 
and adequate chaperone networks to specific proteome maintenance challenges. 
Likewise, specific cell types are predicted to have different levels of tolerance to ER 
stress, which is particularly relevant to address the effects of proteotoxic stress in 
specialized tissues. Although the ER can tolerate stress up to some extent, upon 
prolonged stress conditions apoptosis is activated. The UPR signaling branches 
controlled by PERK, ATF6 and IRE1can intervene in the control of pro-survival and 
pro-apoptotic responses [29, 54]. Activation of PERK promotes expression of the 
transcription factor ATF4. This transcription factor promotes cell survival by inducing 
genes involved in amino-acid metabolism, redox reactions, stress response and protein 
secretion. Furthermore, PERK signaling also induces CHOP a pro-apoptotic factor that 
inhibits pro-survival factor BCL-2 and induces transcription of GADD34. The 
phosphatase GADD34 restores translation in order to amplify the apoptotic stimuli and 
signaling. The ATF6 branch is also a CHOP activator, however the other known targets 
of this signaling pathway are mainly in pro-survival programs of stress recovery, and 
these are chaperone proteins such as GRP78, GRP94, protein disulphide isomerase 
(PDI), and the transcription factor XBP1. The IRE1 can also have a dual role through 
activation of pro-survival and pro-apoptotic signaling. Pro-survival is mediated by ER 




the activation of kinase pathways, in particular the c-Jun N-terminal kinase (JNK) 
pathway [29, 54]. Additionally, the mitochondrial apoptotic pathway can be activated 
by the BCL-2 proteins PUMA, BAX and BAK as a result of sustained ER stress. As an 
example, the BCL-2 proteins BAX and BAK can localize to the ER membrane, 
oligomerize and allow for calcium leak into the cytosol with subsequent apoptotic 
signaling by caspases 12 and 4. On the other hand, they can translocate into the 
mitochondrial outer membrane leading to permeabilization of the mitochondria with 
concomitant cytochrome c release. Free cytochrome c associates with APAF1 and 
caspase 9 in the apoptossome with subsequent activation of efector caspases 3 and 7 
[29, 54]. The BCL2 protein PUMA/BBC3 is also activated by ER stress, and this can 
happen in a p53 dependent or independent fashion [55, 56].  
Unpublished work form our laboratory shows that mRNA mistranslation is an 
important source of ROS and oxidative stress. ROS are highly reactive molecules 
capable of damaging proteins and nucleic acids and have been associated with ageing 
processes and neurodegeneration [57, 58]. The origin of ROS during mRNA 
mistranslation remains to be elucidated since ROS can be produced at several cellular 
locations such as the membrane, cytoplasm, peroxisomes, ER and mitochondria. 
However, likely origins are the ER and the mitochondria as these have been closely 
associated with oxidative conditions associated with loss of proteostasis [59-61] The 
folding environment in the ER is highly oxidizing to promote protein disulfide bond 
formation, and this oxidative environment also contributes to oxidation of ER 
chaperones and to accumulation of unfolded client proteins. ROS are produced in the 
ER lumen during protein folding as a by-product of electron transport from client 
proteins to molecular oxygen to form the oxidant hydrogen peroxide. Still, the precise 




folding loads trigger Ca2+ leakage into the cytoplasm and may induce secondary ROS 
production in the mitochondria. Finally, increased energetic demands for protein folding 
stimulate mitochondrial oxidative phosphorylation to increase ATP production, and 
consequently increase ROS production [29, 61]. 
 
1.4. Diseases associated with altered protein synthesis 
Several diseases are caused by defects in mRNA translation. A group of diseases 
including cancer, neuronal pathologies, autoimmune disorders, and disrupted 
metabolism is connected with mutations in specific AARSs [62]. Mutations in the 
alanyl, glycyl, tyrosil and lysyl-tRNA synthetases are among the causes of the 
peripheral neurodegenerative Charcot-Marie-Tooth disease [62-64]. Editing defects in 
the ValRS that allow for mischarging of valine tRNAs with threonine, and also mutant 
Ser tRNAs that read non-cognate codons induce apoptosis in mammalian cells [65, 66]. 
An editing defect in the mouse AlaRS that mischarges alanine tRNAs with glycine and 
serine causes protein ubiquitination, aggregation and neurodegeneration. In this mouse 
model tRNA mischarging up-regulates molecular chaperones, but the severe 
neurodegeneration phenotype shows that constitutive translational errors generate 
extensive protein misfolding and exhaust the proteostasis network [14]. Mutations in the 
mitochondrial aspartyl and arginyl tRNA-synthetases cause impaired protein synthesis 
with associated mitochondrial dysfunction and are among the causes of human 
leukoencephalopathy, which has brainstem and spinal cord involvement and lactate 
elevation (LBSL) [67, 68]. In the mitochondrial context, mutations in the tRNA genes 
are responsible for diseases such as myopathy or hearing loss, or even complex 




syndrome which is characterized by myopathy, encephalopathy, lactic acidosis, stroke-
like episodes and other neurological and non-neurological symptoms is associated with 
several point mutations in mitochondrial tRNA genes [69]. This condition is caused by 
altered aminoacylation levels of the mt tRNA Leu (UUR) that leads to deficient protein 
synthesis resulting in mitochondria with respiratory defects [70]. Another example of 
mitochondrial related diseases is MLASA which is characterized by myopathy, lactic 
acidosis and sideroblastic anaemia. In this case pseudouridylation of mitochondrial 
tRNAs is impared due to mutations in the pseudouridine synthase 1 [71]. Ribosomes are 
vital for cell functioning and mutations that affect the ribosomal machinery and 
translation factors can promote disease as well. Several mutations in small and large 
ribosomal proteins especially RSP19 cause Diamond-Blackfan anaemia (DBA) which is 
an inherited bone marrow failure syndrome characterized by proapoptotic 
hematopoiesis, bone marrow failure, birth defects and predisposition to cancer [72]. In 
this condition ribosome biogenesis problems reduce the number of functional ribosomes 
thus reducing protein synthesis and cellular growth [73]. The 5q− syndrome is a 
myelodysplastic syndrome with associated acute myeloid leukemia (AML) caused by 
ribosome biogenesis problems related with deletion of RPS14 [72]. Other examples of 
ribosomal related diseases are alopecia, neurological defects, and endocrinopathy 
syndrome (ANE syndrome), Shwachman-Bodian-Diamond syndrome (SDS), 








1.5. Control of cellular homeostasis by non-coding RNAs 
MicroRNAs (miRNAs) are a family of small non coding RNAs (׽22 nucleotides) 
with important roles in the control of gene expression at the translational level, by 
binding to the 3’ untranslated region (UTR) of target mRNAs [74]. Since the first 
miRNA lin-4 was discovered associated with development in Caenorhabditis elegans, 
the number and diversity of miRNAs has increased dramatically, and they have been 
described in more than 140 species [75, 76]. MiRNAs are transcribed in the nucleus by 
Pol II into capped and polyadenylated pri-miRNAs that contain single or multiple 
encoded miRNAs and are further processed by the RNases Drosha and Dicer to produce 
the mature miRNA in association with the RNA-induced silencing complex (RISC). 
Once in the cytoplasm the pre-mIR duplex is cleaved at the hairpin region by Dicer in 
association with TRBP and Argonaute proteins 1-4, producing the ~22 nucleoide 
miRNA duplex. The duplex contains the mature miRNA and also its complementary 
strand (*), but after processing the mature miRNA is preferentially maintained in the 
RNA-induced silencing complex (RISC) while the miRNA* is released and degraded 
[74, 77-79]. The RISC identifies target messages based on perfect (or nearly perfect) 
complementarity between the miRNA seed sequence, which is the region of nucleotides 
2-7 or 2-8, and the target mRNA. In metazoans, most of the miRNAs pair imperfectly 
with their targets and promote translation repression or mRNA degradation (Figure 
1.12). Degradation of target mRNA can happen by means of decaping and de-
adenylation with subsequent mRNA targeting to the processing body (P-body) where 
the mRNA can be degraded or stored for later use. The translation process can also be 
regulated my mIRNA inhibition of translation initiation or miRNA slowing of 




The mRNA targets of miRNAs in metazoans are mainly located in the 3′ UTR, where 
multiple miRNAs can bind. Also a single miRNA can target multiple mRNAs. The 5′ 
UTR and the coding region can also be targeted by miRNAs but few mRNAs are 
regulated in this manner [74, 80, 81]. In mammals, approximately 50% of protein 
coding genes are predicted targets of miRNA regulation, highlighting the pivotal 
relevance of miRNAs in gene expression regulation [82]. Regulation of gene expression 
by miRNAs is important for processes that control cellular differentiation and also 
developmental morphogenesis and patterning [74, 83, 84]. Neural differentiation and 
brain morphogenesis processes have an important component of miRNA regulation in 
zebrafish [85] and in mammals [86].  
Several studies have implicated miRNAs in the regulation of the stress response. 
DNA damage for example can induce p53, which in turn induces transcription of a 
group of miRNAs. Namely, miR-34a, miR-34b and miR-34c, also enhance the 
processing of miR-16, miR-103, miR-143, miR-145, miR-26a and miR-206, thus 
promoting apoptosis and reducing proliferation [87]. Upon ER stress in human cells, the 
UPR XBP1 factor is regulated by miRNAs through a process in which PERK activates 
the transcription factor NF-kB, which in turn activates expression of miR-30c-2-3p that 
targets the 3’ UTR of XBP1. This mechanism may prevent over-activation of XBP1 
[88], but this factor is also capable of inducing miR-346 whose main targets are 
regulators of the immune response [89]. In mouse fibroblasts the UPR factor IRE1α 
specifically cleaves several miRNA precursors (miR-17, miR-34a, miR-96, miR-125b) 
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pathologies such as multiple sclerosis where miR-326 and miR-155 play a pivotal role 
[93]. Ageing related diseases are also associated with miR-9, miR-29a/b, miR-101, 
miR-107, miR-125b, miR-146a, miR-153, and miR-195 [94].  
 
1.6. Zebrafish as a proteotoxic stress model 
Zebrafish is widely used as a model organism for studying cell development. 
Zebrafish are small fish that are easily maintained, produce around 200 eggs per week, 
have ex utero embryo development and the embryos are optically clear, which 
facilitates organ observation and embryo manipulation and staining. Embryo 
development is also fast which is ideal to study vertebrate embryonic development. The 
implementation of genetic techniques in zebrafish, such as cloning, mutagenesis, 
transgenesis and genetic mapping facilitated the production of fish for studying several 
human diseases. Since zebrafish is a vertebrate organism it fills the gap between 
Drosophila/C. elegans and mouse/human genetics [95, 96]. Genome sequencing also 
contributes to the use of zebrafish as a vertebrate model and provides additional genome 
resources to vertebrate research.  
Proteotoxic stress affects several domains of cellular homeostasis and has 
important consequences for ageing processes and neurodegeneration [15]. Therefore, a 
suitable proteotoxic stress model organism that recapitulates mammalian ageing is 
needed. Zebrafish has, during development and adulthood, a conserved heat shock 
response controlled by HSF1 and also a conserved set of the major heat shock 
chaperones, including HSP90, HSP70, chaperonines and sHSPs that protect cells from 
various environmental and physiological stresses [97, 98]. The UPP is a conserved 




pathways involved in processes such DNA damage response, embryo and lens 
development [99-101]. The three UPR factors XBP1, ATF6 and PERK have been 
identified in zebrafish as being stress responsive [102-104]. This completes the set of 
the major eukaryotic stress response pathways and shows that zebrafish is a good model 
system to examine the proteotoxic stress generated by protein biosynthesis errors. 
Additionally, zebrafish is a powerful model for the study of apoptosis, both at 
developmental and adult stages, due to high conservation of zebrafish and mammal 
apoptotic pathways. Indeed, the p53 and Bcl-2 family of apoptotic factors are highly 
conserved in zebrafish where they play pivotal roles in controlling the intrinsic 
apoptotic pathway. The extrinsic apoptotic pathway is also conserved between 
mammals and zebrafish, relying on FADD and caspase 8 activation as well [105, 106]. 
Furthermore, this model organism is well suited for the study of neurodegeneration and 
ageing since it displays age related phenotypes such as loss of molecular chaperone 
activity [107]. The zebrafish central nervous system is organized in a similar fashion, 
and holds anatomical and chemical similarities with the human central nervous system, 
which are relevant to the study of neurodegeneration [108]. A zebrafish model of the 
conformational disease Huntington shows that protein aggregation, chaperone induction 
and apoptosis are observed as a result of neurodegenative prone conditions [109], 
confirming that zebrafish is suited to tackle the biology of mRNA mistranslation and 






1.7. Objectives of this thesis 
Mistranslation of the genetic code leads to proteotoxic stress and causes proteome 
imbalance and cellular degeneration. However, it is not yet clear how such cellular 
phenotypes develop and whether they are a consequence of proteome disruption or 
result from secondary effects associated with accumulation of mistranslated proteins. To 
understand the biology of proteotoxic stress and how cells respond to accumulation of 
mistranslated proteins we built a zebrafish model of mRNA mistranslation. The major 
aims of this work are to address the cellular and developmental responses to proteotoxic 
stress in a vertebrate model system. The specific objectives of this thesis are: 
• Induce mistranslation and protein aggregation  in zebrafish embryos; 
• Characterize the cellular response of zebrafish to mRNA mistranslation; 
• Determine the effect of mistranslation induced proteotoxic stress on 
zebrafish mRNA and miRNA expression; 
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2. Viable levels of mRNA mistranslation accelerate proteome 
aggregation and mitochondrial dysfunction in zebrafish 
 
2.1. Abstract  
Protein misfolding and aggregation deregulate the proteostasis network (PN) and 
are hallmarks of cell degeneration processes associated with ageing and human diseases. 
But how proteome aggregation causes cell degeneration remains controversial due to 
the lack of suitable methods for controlling it at the cellular and organismal levels. We 
have hypothesized that low level protein mutagenesis by ribosomal amino acid 
misincorporations would provide a robust model system for controllable proteome 
aggregation. To test this hypothesis we have engineered transgenic zebrafish embryos to 
misincorporate Serine (Ser) at various non-cognate protein sites. Chemical differences 
between Ser and the replaced amino acids produced embryos with variable levels of 
proteome aggregation. These mistranslating embryos upregulated the unfolded protein 
response (UPR) and the ubiquitin proteasome pathway (UPP), increased protein 
ubiquitination and down-regulate protein biosynthesis, whose levels were correlated 
with the extension of proteome instability. The mitochondrial network was disrupted, 
mitochondrial and nuclear DNA was damaged and ROS production increased in 
presence of a fully functional proteostasis network.  
Taken together, our data highlight important roles of gene translational accuracy 
in the maintenance of ER homeostasis, DNA damage, mitochondrial function and 
oxidative stress. We postulate that protein biosynthesis errors (PBE) contribute to 












Protein homeostasis (proteostasis) is the process by which the cellular proteome is 
maintained, being crucial for proper development and health [1]. Proteostasis is 
maintained by multi-layered networks of protein quality control (PQC) systems that act 
downstream of mRNA translation [2, 3]. These PQC systems involve molecular 
chaperones and associated factors, the endoplasmic reticulum (ER) associated protein 
degradation pathway (ERAD), autophagy and the ubiquitin proteasome pathway (UPP) 
[4, 5]. For example, ER overloading with misfolded proteins triggers the unfolded 
protein response (UPR) via activation of alternative splicing of the primary transcript of 
Xbp1, phosphorylation of the translation initiation factor eIF2-α, transient attenuation of 
protein synthesis rate and cleavage of the transcription factor Atf6. These signaling 
cascades target misfolded ER proteins to salvage and refolding pathways or to 
degradation by the 26S proteasome and/or autophagy [2, 6]. Increased protein 
aggregation during ageing indicates that the capacity to maintain proteostasis becomes 
compromised or saturated over time. In fact, ageing is associated with progressive 
proteome aggregation in the worm Caernobditis elegans [7, 8], but how and why cells 
lose their capacity to maintain proteome homeostasis is poorly understood [9-11].  
How protein aggregation is initiated in healthy individuals, activate PQC systems 
and proteostasis networks awaits clarification. A commonly accepted hypothesis posits 
that reactive oxygen species (ROS) oxidize proteins promoting their aggregation and 
gradual saturation of PQC systems [12, 13]. This hypothesis is supported by strong 
association of ROS with protein conformational diseases, such as Parkinson’s and 
Alzheimer’s disease, and by increasing ROS levels during ageing [14-16]. Recent 
studies show that generalized failure of the PN at the onset of adulthood is associated 




ROS and proteostasis failure likely act synergistically on protein aggregation 
complicating the dissection of their individual contributions to ageing processes. 
Moreover, saturation of the ER protein processing capacity by accumulation of 
misfolded and aggregated proteins triggers calcium release and activates pro-apoptotic 
pathways [17, 18] through poorly understood mechanisms [19], suggesting a link 
between ROS, protein aggregation, ER saturation and cell death. A major unanswered 
question is whether age related mitochondrial senescence is the main cause of ROS or 
whether protein aggregation triggers a cascade of degenerative events that ultimately 
lead to increased ROS production by the mitochondria, ER, peroxisome and cytoplasm, 
creating a positive feedback loop that potentiates protein oxidation, misfolding and 
aggregation.  
Poly(Q) and other aggregation prone proteins have been extensively used as 
model systems to study protein conformational diseases, but they have specific 
functions in the cell and their use to investigate global effects of proteome aggregation 
and cell degeneration is questionable. Recently, chimeric tRNAs have been validated as 
tools to induce proteome aggregation in a controlled manner in yeast [20] and 
mammalian cell lines [18], demonstrating that this methodology activates the stress 
responses induced by protein misfolding. Here we extended this methodology to the 
vertebrate model organism zebrafish. This proteome mutagenesis methodology is based 
on ribosome mediated misincorporation of Ser at non-cognate protein sites and 
produces variable levels of global proteome aggregation in zebrafish embryos. Our data 
demonstrate that this model system is suitable for the study of the stress response 
induced by protein aggregation in vivo in a multicellular organism, as embryos exhibit 
increased protein aggregation accompanied by down regulation of protein synthesis and 
a sharp increase in oxidative stress, recapitulating the phenotype observed in cells 




transiently transfected with chimeric tRNAs [18, 20]. Our model system also 
recapitulates the protein aggregation phenotype observed in C. elegans [7, 8], without 
loss or decreased activation of stress response pathways. Indeed, in our model system 
proteins aggregate in presence of up-regulation of the UPR, molecular chaperones and 
UPS. This uncoupling of protein aggregation from loss of proteostasis shows that 
proteome aggregation induces disruption of the mitochondrial network and damage of 
mitochondrial and nuclear DNA in presence of a fully functional PN, establishing a 






2.3. Material and methods 
2.3.1. Maintenance of zebrafish (Danio rerio) 
The AB zebrafish strain was maintained at 28ºC on a 14 h-light/10 h-dark cycle. 
Stages of embryonic development were determined based on the number of hours after 
fertilization and morphological standards [21]. Animal husbandry and experimentation 
was authorized by the local animal welfare committee and followed the Portuguese law 
for animal experimentation (Regulatory Guideline nº 1005/92, October 23rd, 1992). 
 
2.3.2. Mutant tRNA plasmid construction and microinjection 
Serine tRNA genes and flanking regions were amplified from zebrafish genomic 
DNA and digested with ApaI and SacII restriction enzymes. The fragments were cloned 
into the pCS2+EGFP vector [22], producing the plasmid pCS2+EGFPtRNASer. Mutant 
tRNA constructs were produced using the plasmid pCS2+EGFPtRNASer by site directed 
mutagenesis of nucleotide positions corresponding to the anticodon of the mature Ser-
tRNA (Supplementary table 1). Mutations were selected according to similarity of 
amino acid properties, blossom score, codon usage and total codon counts 
(Supplementary Table 2) [23-27]. Codon analysis was carried out using the Anaconda 
software package [28]. 65 ng/µL of plasmid in phenol red/KCl were injected in one-cell 
stage embryos and embryos were observed under a stereo-microscope equipped for 
fluorescence measurements (Nikon). 
 
2.3.3. Northern blot analysis 
Total RNA of 24hpf embryos were resolved on 15% polycralyamide gels for 18 
hours at 500V. The section of gel containing the tRNAs was semi-dry transferred to a 
nitrocellulose membrane (Hybond N, Amershan) and membranes were cross linked 




using a UV Stratalinker-1800 from Stratagene. Probes were prepared by 5’ 
phosphorylation of 10pmol of short oligonucleotides with γ-32P-ATP. Membranes were 
hybridized overnight at the oligos Tm minus 5ºC with rotation, then exposed to a K-
screen and scanned using Molecular Imager FX (Bio-Rad).  
 
2.3.4. GFP fluorescence reporter 
To check the decoding activity of the mutant tRNAs a green fluorescent protein 
(GFP) reporter was used. The GFP gene contains a Ser codon at position 65 wich is 
essential for chromophore formation and mutations at this position result in significant 
alteration or even loss of GFP fluorescence. Various reporter constructs were built by 
site directed mutagenesis of codon 65 of the GFP gene cloned into plasmid 
pCS2+EGFP. The construct with a Ser codon at position 65 (S65) was used as the 
positive control while the constructs bearing codon (A65 – GCG, G65 – GGA, L65 – 
CTG, V65 – GTG) were used as gain of function reporters. In these cases wild type 
levels of GFP fluorescence were dependent on the misincorporation of Ser by the 
mutant tRNAs at position 65. These reporters were cloned into the pCS2+EGFP 
plasmid yielding the plasmid pCS2+EGFPtRNASer (Supplementary Table 3). Plasmids 
were prepared and microinjected as described previously. Embryos were observed 
under an epifluorescence microscope Imager.Z1 (Zeiss), a GFP filter, AxioCam HRm 
camera (Zeiss) and AxioVision software (Zeiss). The fluorescence levels were 
determined using ImageJ software; a minimum of 20 embryos were analyzed per assay. 







2.3.5. Western immunoblotting 
For western blot analysis 24hpf embryos were dechorionated and deyolked [29]. 
The whole embryo lysate was extracted using 1x SDS sample buffer at 95ºC for 5 
minutes. Approximately 50 µg/lane of protein were loaded on 12% or 15% SDS–PAGE 
minigels, after electrophoresis proteins were wet transferred to a nitrocellulose 
membrane. After blocking, membranes were incubated with primary antibodies: anti-
GFP (Clontech), anti-β-tubulin (Invitrogen), anti-poliubiquitin (Covance), anti-HSP90 
(StressMarq), anti-HSP70 (StressMarq) and anti-HSP27 (Abcam) diluted in TBS-T with 
5% LFM. Detection was performed using a secondary antibody labeled with an infrared 
dye (IRDye 800CW, Li-COR) at room temperature and in the dark. Membranes were 
scanned and analyzed using the Odyssey® IR scanner and images were analyzed using 
Odyssey® imageing software 3.0 with default settings. The results obtained are 
expressed as the relative percentage normalized for control sample values. 
 
2.3.6. SDS-PAGE of protein aggregates 
Embryos were collected at 24hpf, dechorionated and deyolked. For rotenone and 
3-nitropropionic acid treatments embryos were exposed at 4hpf to a range of 5, 10, 
15µg/L and 5, 10, 20mM respectively. Batches of 60 embryos were lysed in 300µL of 
cold buffer (50mM PBS pH7, 1mM EDTA, 5% Glycerol, 1mM PMSF, 0,5X Protease 
Inhibitors Roche). To remove embryo debris total extracts were centrifuged at 3000 rpm 
at 4ºC for 5 minutes. Supernatants were centrifuged again at 13000 rpm at 4ºC for 20 
minutes. The resulting pellets were washed with 320 µl of lysis buffer and 80 µl of 10% 
Triton-X 100 and centrifuged at 13000 rpm at 4ºC for 20 min. Detergent insoluble 
fractions were fractionated on 15% SDS-PAGE minigels which were stained with 
Coomasie brilliant blue R, scanned and analyzed using the Odyssey® IR scanner and 




imageing software 3.0. Lane signals were normalized to the concentration of the total 
protein extracts determined by the BCA method. For the experiments using adult 
tissues, pools of three individuals were used per sample. Briefly, zebrafish were 
anesthetized, using tricaine, the collected organs were immediately frozen in liquid 
nitrogen and kept at -80ºC. Samples were lysed and processed as described above for 
the embryos. 
 
2.3.7. Measurement of protein carbonyls 
Protein carbonyls were quantified by spectrophotometry using 2,4-
dinitrophenylhydrazine (DNPH). Five hundred microliters of 10 mM DNPH dissolved 
in 2 M HCl were added to 100 µl of soluble protein fraction. In parallel, a blank reaction 
was prepared by addition of 500 µl of 2M HCl solution containing no DNPH, both were 
incubated in the dark for 1 h at 20ºC. After 500µl of 20% trichloroacetic acid were 
added to the samples and blanks, these were allowed to stand for 15 min at 4°C. 
Samples were centrifuged at 10,000 g for 15 min at 4°C. Pellets were washed three 
times with 1 ml of a 1:1 (vol/vol) mixture of ethanol and ethyl acetate and centrifuged 
again for 3 min. Protein samples were dissolved in 1mL of 6 M guanidine hydrochloride 
and incubated for 30 min at 37°C. The amount of protein dinitrophenylhydrozone 
derivative was quantified by measuring the absorbance at 370 nm. Carbonyl contents 
were normalized per amount of protein and expressed as a function of control sample. 
 
2.3.8. HSPB1 mCherry fusion reporter 
The mCherry gene was cloned at BamHI and ClaI sites of the pT2AL200R150G 
vector [30] replacing the GFP gene. HSPB1 promoter [31] and coding region (without 




XhoI, SalI and Sal, BamHI sites of the pT2AL200R150G-mCherry vector. A mixture of 
the mCherry fusion reporter and mutant tRNA plasmids was injected in phenol red/KCl 
in one-cell stage embryos, and embryos were observed under an epifluorescence 
microscope Imager.Z1 (Zeiss), a mCherry and a GFP filter, AxioCam HRm camera 
(Zeiss) and AxioVision software (Zeiss).  
 
2.3.9. Immunofluorescence 
Immunofluorescence was carried out on 5-μm sections of paraffin-embedded 
formaldehyde fixed 5dpf zebrafish embryos. Antigen retrieval was done with Citrate 
buffer at 98ºC, for 30 minutes. Slides were washed several times with TBS-T and 
blocked with Ultra V Block (Thermo Scientific). All incubations were performed in a 
humidified container. Samples were incubated with primary antibody (Mouse anti 
Ubiquitin, Cell Signaling, 1:500 in Large Volume UltrAb Diluent – Thermo Scientific) 
for 18 hours at 4°C. An Alexa Fluor® 594 Goat Anti-Mouse (1:500) was used as the 
secondary antibody. Samples were mounted using DAPI Vectashield, and observed 
under an epifluorescence microscope Imager.Z1 (Zeiss), a Rhod and DAPI filter, 
AxioCam HRm camera (Zeiss) and AxioVision software (Zeiss). 
 
2.3.10. Protein synthesis rate determination 
Protein synthesis rate was determined using the non-radioactive puromycin based 
SUnSET method [32]. Puromycin is a tyrosyl tRNA analog which is randomly 
incorporated by the ribosome into nascent peptides, blocking and labeling newly 
synthesized polypeptides. Detection of puromycin using an anti-puromycin monoclonal 
antibody allows for the measurement of protein synthesis rate without the use of 
radioactivity [32]. For this, 24hpf embryos injected with the mutant tRNAs were 




washed, dechorionated and incubated in 10 μg/ml of puromycin for 30 min at 28ºC. 
After incubation, cycloheximide was added to a final concentration of 100µg/ml. 
Embryos were then collected for western immunoblotting. Puromycin incorporation into 
proteins was detected by immunoblotting using the mouse IgG2a monoclonal anti-
puromycin antibody (clone 12D10, 1:5000) [32, 33]. Blots were incubated overnight at 
4°C in 5% low fat milk TBS-T. 
 
2.3.11. Proteasome chymotrypsin-like activity assay 
The proteasome chymotrypsin-like activity was assayed using the fluorogenic 
substrate peptide succinyl-leucine-leucine-valine-tyrosine-MCA (s-LLVY-MCA). For 
this, 24 hpf embryos were dechorionated and ressuspendend in lysis buffer. The total 
protein extracts were centrifuged at 5.000rpm for 5min at 4ºC. Supernatants were 
transferred to a new tube and centrifuged at 13.000 rpm, 4ºC, for 10 min. 50µg of 
embryo extracts were incubated at 37ºC  in 200 µl of assay buffer (10 mM Tris-Cl, pH 
8, 20 mM KCl 1M 5 mM MgCl2), with 50μM of s-LLVY-MCA (diluted in 10 % 
DMSO). Reactions were started by the addition of s-LLVY-MCA and fluorescence of 
the proteolytically released MCA was quantified at time 0 and 60 minutes. Fluorescence 
was recorded using a microplate reader Infinite®200 Tecan at 435 nm emission 
(excitation at 365 nm). Final activity was calculated as fluorescence emission at time 60 
min subtracted from fluorescence emission at time 0 min relative to control [34, 35]. 
 
2.3.12. Total RNA extraction 
Total RNA was extracted using Trizol® according to the manufacturer 
instructions. Briefly, 200 24hpf embryos were collected, dechorionated and stored at -




precellys 24 (Bertin technologies). The total extracts were incubated at room 
temperature for 5 minutes and further extracted with chlorophorm and isopropyl 
alcohol. Total RNA pellets were washed with 75% ethanol and ressuspended in milliQ 
water. To remove contaminating DNA, samples were treated with DNAseI (Fermentas) 
following the manufacturer instructions and stored at -80ºC. RNA was quantified using 
the Nanodrop 1000 Spectrophotometer (Thermo Scientific) and its quality was verified 
using the Agilent 2100 Bioanalyzer. 
 
2.3.13. Gene expression microarrays 
Gene expression profiling was performed using the Agilent protocol for One-
Color Microarray-Based Gene Expression Analysis Quick Amp Labeling v5.7 (Agilent 
Technologies). Briefly, cDNA was synthesized from 600ng of total RNA using Agilent 
T7 Promoter Primer and T7 RNA Polymerase Blend and labeled with Cyanine 3-CTP. 
Labeled cDNA was purified with RNAeasy mini spin columns (QIAGEN) to remove 
residual Cyanine 3-CTP. Dye incorporation and quantification was monitored using the 
Nanodrop 1000 Spectrophotometer. Agilent zebrafish (v2) microarrays were hybridized 
with 1,65 μg of labeled cDNA. Hybridizations were carried out using Agilent gasket 
slides in a rotating oven for 17hr at 65ºC. After hybridization, microarrays were washed 
using the wash procedure with stabilization and drying solution following the 
manufacturer recommendations (Agilent). Slides were immediately scanned using an 
Agilent G2565AA microarrays scanner (Agilent).  
 
2.3.14. Microarray data extraction and analysis 
Probes signal values were extracted from microarray scan data using Agilent 
Feature Extraction Software (Agilent). The microarray raw data was submitted to the 




GEO database and has been given the following accession number: GSE50090. Data 
were normalized using median centering of signal distribution with Biometric Research 
Branch BRB-Array tools v3.4.o software. Microarray data analysis was carried out with 
MEV software (TM4 Microarray Software Suite) [36, 37]. A t test p0,05 was applied 
to identify genes that showed statistically significant differences in expression between 
control and mutant tRNA samples. A general GO term enrichment analysis for total 
gene lists for all the mutants was carried out using a hypergeometric test in GeneCodis 
2.0 [38, 39].  
 
2.3.15. Real-time quantitative PCR 
Quantification of gene expression was carried out using Power SYBR® Green 
PCR Master Mix. Total RNA was extracted using Trizol® and treated with DNAseI. 
cDNA was prepared from 1µg of total RNA using Superscript II (Invitrogen) following 
the manufacturer´s instructions. Real-time Quantitative PCR was carried out using the 
ABI Prism 7500 Sequence Detector System (Applied Biosystems). qPCR reactions 
were performed with cDNA 1:4 diluted in nuclease-free water in reactions containing 
2µL of cDNA template, 0,4µL 10µM forward and reverse primers, 10µL of Power 
SYBR® Green PCR Master Mix and 7,2µL of nuclease-free water. PCR reactions were 
carried out at 95ºC for 10min, 95ºC for 15s and 60ºC for 60s with 39 repetitions. All 
primer sets (Supplementary Table 4) were tested for amplification efficiency using 
standard dilution curves. The threshold cycle data (CT) and baselines were determined 
using auto settings. All assays, including no template controls, were performed in 
triplicate and relative quantification of gene expression was calculated by the 2−ΔΔCT 
method with primer efficiency correction [40, 41] where the control sample was the 




Quantification of mitochondrial DNA was carried out using Power SYBR® Green PCR 
Master Mix. DNA was extracted using Qiagen Genomic-tip 20/G and Qiagen DNA 
Buffer Set following the manufacturer´s instructions [42]. The NADH dehydrogenase 
1(ND1) gene of the mtDNA and the α-tubulin nDNA gene were amplified by qPCR 
(ABI 7500 Fast Real-Time PCR System). The ND1 primers were Nd1_Fw 5'-
GTAGCTGATGGCGTGAAACT-3' and Nd1_rev 5'-GGTCGAGTACTGGATAGGG-
3'. Real-time Quantitative PCR was carried out using the ABI Prism 7500 Sequence 
Detector System (Applied Biosystems). qPCR was performed with 10ng of DNA 
diluted in nuclease-free water in reactions containing 2µL of DNA template, 0,4µL 
10µM forward and reverse primers, 10µL of Power SYBR® Green PCR Master Mix 
and 7,2µL of nuclease-free water. PCR reactions and data analysis were carried out as 
described above. 
 
2.3.16. xbp1 semi quantitative real-time PCR 
RNA extraction and cDNA synthesis were carried out as described above. Primers 
for the zebrafish xbp1 that were used in semi-quantitative RT-PCR were XBP1FW 5’-
GTTCAGGTACTGGAGTCCGC-3’ and XBP1RV: 5’-CTCAGAGTCTGCAGGGC 
CAG-3’ [43]. Tubulin was used as an internal control. PCR products were analysed by 
electrophoresis on a 3% agarose gel and stained with ethidium bromide. 
 
2.3.17. Dihydroethidium assay 
Dihydroethidim detects superoxide production due to its cell permeability and 
blue-fluorescence in the cytosol. Upon oxidation DHE intercalates within DNA, 
staining the nucleus as bright fluorescent red. Superoxide levels were determined in 
dechorionated 24hpf live zebrafish embryos in 96-well black plates. Briefly, embryos 




were washed in system water, distributed 20 per well and incubated in 200µL of 10µM 
dihydroethdium (Sigma- D11347) also in system water. Incubation was carried out in 
the dark at 28ºC for 30 minutes. The average fluorescence emission at 600 nm 
following excitation at 530 nm was detected using a microplate reader Infinite®200 
Tecan. Distribuition of superoxide in the embryos was documented using an 
epifluorescence microscope Imager.Z1 (Zeiss), a Rhod 20 filter, AxioCam HRm camera 
(Zeiss) and AxioVision software (Zeiss). Embryos were prepared following the same 
workflow used for the fluorimetric mesurements. After DHE incubation embryos were 
immediately washed and mounted on 3% methylcellulose with a drop of vectashield. 
 
2.3.18. Hydrogen peroxide detection 
Detection of hydrogen peroxide on 24hpf zebrafish embryos was carried out with 
the Amplex® Red Hydrogen Peroxide/Peroxidase Assay kit (Molecular Probes®) 
following manufacturer’s instructions. The Amplex® Red reagent (10-acetyl-3,7-
dihydroxyphenoxazine) reacts with hydrogen peroxide in a 1:1 stoichiometry in the 
presence of horseradish peroxidase (HRP) producing the oxidation product resorufin. 
Resorufin has excitation and emission maxima of approximately 571 nm and 585 nm 
and can be detected either fluorometrically or spectrophotometrically. Batches of 30 
embryos were dechorionated, deyolked and homogenized in phosphate-buffered saline 
(PBS; pH 7.4). 50µl of embryo lysates were used and incubated with 50 µl of a working 
solution of 100 μM Amplex® Red reagent and 0.2 U/mL HRP. Incubations were carried 
out at room temperature in the dark for 30 mins. Absorbance was measured in a 
microplate iMark® BioRad reader at 560nm. Samples were normalized with protein 





2.3.19. Catalase activity detection 
Detection of catalase activity in 24hpf zebrafish embryos was carried out using 
the Amplex® Red Catalase Assay Kit (Molecular Probes®) following manufacturer’s 
instructions. Briefly, batches of 30 embryos were dechorionated, deyolked and 
homogenized in 1X Reaction buffer. Catalase hydrolyses hydrogen peroxide to water 
and oxygen. Amplex® Red detects unreacted hydrogen peroxide in the presence of 
horseradish peroxidase (HRP) producing resorufin. For this, 50µl of embryo lysates 
were incubated with 50 µl of a working solution of 100 μM Amplex® Red reagent and 
0.4 U/mL HRP. Incubations were carried out at room temperature in the dark for 30 
mins. Absorbance was quantified in a microplate iMark® BioRad reader at 560nm. 
Samples were normalized with protein concentration determined by the BCA method 
and are expressed relative to control sample. 
 
2.3.20. Mitochondrial and nuclear DNA damage 
Quantitative PCR was performed according to [42]. Briefly, 10 ng DNA 
(quantified with PicoGreen® dye, Invitrogen) was amplified with Gene Amp® XL PCR 
kit (Applied Biosystems) using the primers and conditions described for zebrafish. 
Small targets were amplified for normalization/verification of DNA concentration. Final 
concentrations for all reactions were 1x XL buffer, 100μg/mL of BSA, 200 μM of each 
dNTP, and 0.4 mM of each primer in 50µL. For short and long mitochondrial targets, 
1.2 mM of Mg(OAc)2 was used, in the case of the long nuclear target 1.05mM of 
Mg(OAc)2 were used in the PCR mix. Cycling conditions for small nuclear and 
mitochondrial targets were: 75°C 2min; 94°C 1min; 94°C 15s, 60ºC/62°C 45s, and 
72°C 30s ( 24, 21 cycles) and final extension at 72°C for 5min. For long targets nuclear 
and mitochondrial cycling conditions were: 94°C for 1 min; 94°C for 15 s and 




69°C/68ºC for 12 min (24, 19 cycles); and 72°C for 10 min. PCR reactions were hot 
started at 75ºC for 90s and after this the enzyme rTth was added. PCR products were 
again quantified using PicoGreen® dye, and DNA concentrations were converted to 
lesion frequencies per 10kB DNA [44].  
 
2.3.21. Mitochondrial membrane potential 
Mitochondria of 24hpf zebrafish embryos were isolated following the MITOISO1 
isolation kit protocol (MITOISO1; Sigma). All steps were performed on ice or with 
icecold buffers. Mitochondrial membrane potential was determined with the JC-1 dye 
according to the manufacturer's instructions (MITOISO1, Sigma). Batches of 60 
embryos were dechorionated and homogenized in 1X extraction buffer A, using a 
Teflon pestle. Embryo lysates were centrifuged at 600xg 5 mins at 4ºC; supernatants 
were centrifuged again at 11,000× g 10 mins at 4°C. The final pellets were resuspended 
in extraction buffer centrifuged again as described above. Pellets containing the 
mitochondrial fraction were resuspended in the supplied 1X storage buffer. For the 
detection of mitochondrial membrane potential, fractions were incubated with JC-1 dye 
for 7 mins at room temperature in the dark. Finally, fluorescence was measured 
at490/590nm with a Perkin Elmer Fluorescence Spectrometer (LS 50B).  
 
2.3.22. Mitochondria staining 
Live imaging of mitochondria in zebrafish was carried out using MitoTracker® 
Red CM-H2XRos (Molecular Probes®). 24hpf embryos were dechorionated and 
incubated with MitoTracker 500nM for 30 mins in the dark. For imaging, anesthetized 
zebrafish embryos were embedded in methyl cellulose and overlayed with vectashield. 




Fluorescence images were obtained using an Imager.Z1 (Zeiss), a Rhod filter, AxioCam 
HRm camera (Zeiss) and AxioVision software (Zeiss).  
 
2.3.23. Statistical analysis 
Data was analyzed using GraphPad Prism. The differences between control and 
conditioned embryos were assessed using a Student's t-test or ANOVA with post test 
Dunnett's Multiple Comparison Test. In all cases, p values   <   0.05 were considered 
statistically significant. 





2.4.1. Direct proteome mutagenesis using sense codon misreading tRNAs 
In order to study the cellular consequences of proteome aggregation we have 
generated mutant zebrafish Ser-tRNAs that misincorporate Ser at non-cognate codons 
alanine (GCG), glycine (GGA), valine (GTG) and leucine (CTG) (Figure 2.1A). Since 
the eukaryotic seryl-tRNA synthetase (SerRS) does not interact with the anticodon of 
Ser-tRNAs [45-47], mutations in the anticodon of the Ser-tRNA did not interfere with 
serylation by the SerRS, but altered decoding properties of the Ser-tRNAs 
(Supplementary Table 1). For simplicity, the mutant tRNAs were designated Ser-
tRNACGCAla, Ser-tRNAUCCGly, Ser-tRNACACVal and Ser-tRNACAGLeu. The mutant 
anticodons were chosen on the basis of the chemical differences between Ser and Ala, 
Gly, Val and Leu, namely polarity and hidropathy. Ser is polar while the replaced amino 
acids are non polar. Ser is also hydrophilic while the others are hydrophobic and 
aliphatic, as is the case of Ala and Leu [23, 26, 27]. Importantly, hydrophobic amino 
acids, such as Ala, Val and Leu are commonly buried in hydrophobic protein cores 
while, hydrophilic amino acids, such as Gly and Ser, are usually located on protein 
surfaces [23, 48]. These chemical variables, blossom scores and codon usage patterns 
were taken into consideration to produce transgenic zebrafish embryos with increasing 
levels of proteome instability (Supplementary Table 2). For example, the blossom score 
for Ser-Ala replacements is 1, Ser-Gly is 0 and Ser-Val or Ser-Leu is -2 [24, 25]. 
Therefore, Ala replacements with Ser were expected to produce minor proteome 
destabilization, but Leu replacement with Ser expected to produce major proteome 
instability [23]. 
The mutant tRNA genes were microinjected into one cell zebrafish embryos after 
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Since Ser 65 (S65) is essential for cromophore formation the mutant GFPs had no 
fluorescence or significantly altered (increased or decreased) fluorescence when 
expressed in wild type (WT) embryos. However WT fluorescence levels could be 
partially restored in embryos co-expressing the mutant tRNAs if they inserted Ser at 
position 65 [49, 50]. Quantification of the relative GFP fluorescence showed that Leu 
incorporation alone at CTG-65 abolished fluorescence (Figure 2.1C-D), while there was 
gain of fluorescence in embryos expressing the Ser-tRNACAGLeu (Figure 2.1C-D). 
Interestingly, insertion of Ala (GCG), Gly (GGA) and Val (GTG) codons at position 65 
of GFP, increased GFP fluorescence sharply producing a hyperfluorescent protein 
(Figure 2.1D). In these cases, incorporation of Ser at these codons by the mutant 
heterologous Ser-tRNACGCAla, Ser-tRNAUCCGly, Ser-tRNACACVal, reduced fluorescence 
levels close to wild type GFP fluorescence (Figure 2.1D), indicating that these tRNAs 
were also active decoders. 
 
2.4.2. Protein synthesis errors increase protein ubiquitination and 
aggregation 
As mentioned above, besides the mutant tRNAs, our transgenic embryos 
expressed WT tRNACGCAla, tRNAUCCGly, tRNACACVal and tRNACAGLeu, which are 
encoded by genes whose copy number in the zebrafish genome is 112, 47, 227 and 300, 
respectively. These WT tRNAs ensure production of wild type polypeptides essential 
for embryo viability. The mutant Ser-tRNACGCAla, Ser-tRNAUCCGly, Ser-tRNACACVal and 
Ser-tRNACAGLeu competed, therefore, with these WT tRNAs for the decoding of the 
above mentioned codons. In other words, Ser misincoporation at the non-cognate codon 
positions produced a statistical subpopulation of polypeptides of each protein (statistical 




codons decoded by the mutant tRNAs. The fate of the mutant polypeptides likely 
depends on the destabilizing nature of the mutations, i.e., certain mutations may result 
in protein unfolding, ubiquitination, degradation or aggregation, while others may 
induce low level protein destabilization and allow for refolding by molecular 
chaperones. Therefore, we expected that Ser misincorporation would saturate PQC 
systems, leading to increased protein ubiquitination and aggregation. Indeed, protein 
ubiquination was increased in all mutants, with the highest levels occurring in the 
embryos expressing the Ser-tRNAUCCGly (60%), Ser-tRNACACVal (40%) and Ser-
tRNACAGLeu (60%) (Figure 2.2A). Insoluble protein aggregates were also detected and 
the highest levels were present in the embryos expressing Ser-tRNACAGLeu (70%) 
(Figure 2.2B). In line with these data the carbonyl content of proteins, which measures 
oxidative damages [51], was increased by 370%, 340% and 490% in the embryos 
expressing the Ser-tRNAUCCGly , Ser-tRNACACVal  and Ser-tRNACAGLeu, respectively 
(Figure 2.2C). We used the oxidative stress generators 3-nitropropionic acid (NPA) and 
rotenone as positive controls for protein aggregation and we observed 120% (20mM 
NPA) and 90% (15µg/l Rotenone) (Figure 2.2D) increase in protein aggregation, 
showing that oxidative stress has the potential to increase protein aggregation in WT 
embryos, showing that oxidative stress has the potential to increase protein aggregation. 
Taken together these data indicate that mistranslated proteins are more susceptible to 
oxidative damage and aggregation, that ROS also contributes to protein aggregation and 
that the chemical differences between Ser and the other amino acids tested determines 
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them in a folding competent state it can be used to monitor protein aggregation in vivo if 
fused to a fluorescent probe [52, 53]. Expression of the Ser-tRNAUCCGly, Ser-
tRNACACVal and Ser-tRNACAGLeu produced fluorescent foci localized near the nucleus 
and also scattered throughout the cytoplasm (Figure 2.3B), confirming the increase in 
protein aggregation in the mistranslating embryos. Ubiquitin immunofluorescence 
analysis of 5dpf embryos expressing Ser-tRNACGCAla and Ser-tRNACAGLeu confirmed 
accumulation of polyubiquitinated proteins in the perinuclear foci in the latter (Figure 
2.3C), suggesting that misfolded proteins produced by tRNA misreading are 
ubiquitinated and aggregate on the perinuclear region.  
Previous studies have shown that stress and ageing increase the load of misfolded 
proteins that saturate the protein quality control machinery located at the juxtanuclear 
quality control compartment (JUNQ). These JUNQ foci accumulate potentially toxic 
aggregates that are subsequently directed to the insoluble protein deposits (IPOD) for 
destruction [15]. Therefore, our results suggest that mistranslation, especially in the case 
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To determine whether proteome aggregation is associated with ageing in healthy 
zebrafish we have analyzed by differential centrifugation and SDS-PAGE the insoluble 
protein fractions of brain, eyes and heart of 6 months, 1 and 2 years old WT zebrafish 
(Supplementary Figure 1). There was a gradual increase of insoluble proteins, indicating 
that ageing zebrafish recapitulates the protein aggregation phenotype observed 
previously in the worm C. elegans [7, 8]. Importantly zerbrafish has also a 
compromised proteome maintenance and the heat shock response decreases with age 
[54], and our proteotoxic model stress system mimics this important ageing phenotypes 
since it stresses the protein quality control systems and produces protein aggregates. 
 
2.4.3. Translational errors down regulate protein synthesis 
Our previous studies in yeast showed that mRNA mistranslation has a negative 
impact on protein synthesis rate [55]. To clarify this issue in zebrafish, protein synthesis 
was quantified using the SUnSET technology which measures the incorporation of 
puromycin into nascent polypeptides [32]. Western blot analysis of total protein extracts 
labeled with puromycin showed 30% and 40% decrease in protein synthesis rate in 
embryos expressing the Ser-tRNACACVal and Ser-tRNACAGLeu (Figure 2.4A, 
Supllementary Figure 2). As before, the severity of down regulation was correlated with 
the differences in the chemical properties between Ser and the other amino acids. This 
prompted us to monitor the phosphorylation status of the translation initiation factor 2 
(eIF2α), which is a major regulator of protein synthesis. Phosphorylation of eIF2α is 
mediated by PKR, PERK, HRI and GCN2 kinases, increases during UPR and decreases 
exchange of eIF2-GDP for eIF2-GTP which is required to deliver initiator tRNAiMet to 
the ribosome [56-58]. Our data showed increased phosphorylation of eIF2α and stable 
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mutant dependent manner. The Ser-tRNACAGLeu showed the highest level of gene 
deregulation, with a marked trend of gene upregulation (Figure 2.5A). These data 
(Table 2.1) supported the activation of the stress responses since molecular chaperones, 
in particular hsp70l was 34.2 and 38.3 fold upregulated in embryos expressing the Ser-
tRNACACVal and Ser-tRNACAGLeu, and hsp90a.2 was 7.5 fold and 9.4 fold upregulated 
again in the same embryos. The hsf4 transcription factor which regulates heat shock 
protein expression through HSF1 repression was downregulated [59]. The ER resident 
chaperones hsp90b1/grp94 and hspa5/bip [60, 61] were also deregulated. The grp94 
was 3.8 and 2.5 fold upregulated in embryos expressing the Ser-tRNACACVal and the 
Ser-tRNACAGLeu, respectively, while bip was also upregulated in these embryos by 2.0 
fold and 1.7 fold, respectively. Several other genes related to stress response processes 
were induced (Table 2.1), namely eif2ak1, eif2ak3/perk which are involved in 
translation attenuation through eIF2α phosphorylation [62, 63]. The major UPR 
regulator xbp1 [64] was induced, and overexpression of hspa5/bip, hyou1, copb, 
zgc:103652, sec61a, gtpbp1, zgc:92245 and chchd2l were well correlated with the 
results obtained for the overexpression of xbp1-s [43]. The sec61a gene was also 
upregulated. This gene encodes a membrane ER protein involved in the import of newly 
synthesized polypeptides that integrates the ERAD machinery providing export capacity 
to misfolded and non-ubiquitinated proteins for degradation [65]. Sec61a is also a 
calcium channel that allows Ca2+ leakage from the ER under stress conditions. Calcium 
leakage through Sec61a is mediated by Bip as in normal conditions this chaperone seals 
Sec61a channels, but it translocates to unfolded/misfolded polypetides leaving the 
Sec61a channels open during stress conditions [66]. The data suggested therefore that 
ER stress induced by mistranslation may trigger calcium release to the cytoplasm 
increasing cytoplasmic calcium levels. Calcium homeostatic control genes, namely 




asph, calr, calrl and itpr2 and also ER shaping genes were deregulated as well (Table 
2.1). Additionally, ERAD mediators were also deregulated, namely derl3 [67, 68], 
herpud1 [69], and bcap31 [70] (Table 1). The ER co-chaperone dnajc3 [71] and the co-
chaperones dnajb6 [72] and dnajc21 [73] were upregulated, while dnaj5aa [74] was 
downregulated (Table 2.1). ER protein transport genes and many ER metabolism related 
genes, mainly lipid metabolism, were in most cases upregulated (Supplementary Table 
6).  
DNA repair and DNA-damage response genes were also deregulated by mRNA 
mistranslation (Table 2.1). The DNA repair genes deregulated were apex1, which in 
zebrafish is a component of the base excision repair mechanism [75], and xrcc5 which 
repairs double strand breaks in zebrafish embryos [76]. These genes were upregulated 
1.6 and 1.7 fold in embryos expressing the Ser-tRNACACVal, while the alkbh2 gene 
involved in repairing of DNA etheno adducts [77] was upregulated 1.8 and 1.5 in 
embryos expressing the Ser-tRNACACVal and Ser-tRNACAGLeu, respectively. Finally, the 
nucleotide excision repair ercc1 gene [78], was upregulated 1.5 fold in embryos 
expressing the Ser-tRNACAGLeu. The DNA-damage response gadd45al gene was 
upregulated 2.6 and 2.1 fold in embryos expressing the Ser-tRNACACVal and Ser-
tRNACAGLeu and gadd45bl was upregulated 2.3 and 2.5 fold in embryos expressing the 
Ser-tRNACACVal and Ser-tRNACAGLeu and finally gadd45b was upregulated in the 
embryos expressing the Ser-tRNACACVal and Ser-tRNACAGLeu 2.6 and 2.4 fold 
respectively. Gadd45 proteins are involved in cell-cycle regulation and are normally 
induced by genome damage and stress conditions. They also regulate somite formation 





Table 2.1 Stress response and ER genes deregulated by mistranslation in zebrafish 
embryos. 
Microarray data analysis was done with MEV software [36, 37]. Significantly deregulated genes 
for each mutant tRNA were obtained with a t test analysis (p0.05) and a 1.5 fold change 
deregulation cut off. Fold change values are displayed.  
Gene symbol Ala Gly Val Leu Function 
hsp70l   34.17 38.32 Heat shock protein 
hsp90a.2   7.54 9.40 Heat shock protein 
cryaa 3.54 Small heat shock protein [81] 
hsp90b1 3.85 2.39 ER chaperone [60] 
hspa5 2.02 1.72 ER chaperone [61] 
hspb1 3.08 1.99 Small heat shock protein [81] 
hspb3 -1.93 Small heat shock protein [81] 
hspb8 2.46 2.69 Small heat shock protein [81] 
dnajb6 2.08 DNAJ chaperone [72] 
dnajc3 3.35 3.33 ER DNAJ chaperone [82] [71] 
dnajc5aa -1.50 DNAJ chaperone [74] 
dnajc21 1.68 DNAJ chaperone [73] 
ahsa1 2.69 HSP90 ATPase activation [83] 
nupr1 2.21 Target of ATF4 [84] 
hsf4  -1.70 -2.64 -2.01 
Regulator of HSP expression [59, 85, 
86] 
xbp1 1.70 1.54 Unfolded Protein Response [64] 
eif2ak1 2.61 eif2alpha kinase [63] 
eif2ak3 1.65 eif2alpha kinase [62] 
derl3 3.64 4.90 ER stress response ERAD [67, 68] 
Herpud1 2.39 5.13 ER stress response ERAD [69] 
bcap31 1.25 1.93 1.82 1.49 ER stress response ERAD [70] 
sec61al2 2.34 2.62 ER stress response ERAD [65] 
sdf2l1 1.65 ER chaperone [87] 
hyou1 2.57 ER chaperone [88] 
ergic3 1.91 Response to ER stress [89] 
pdia4 2.41 ER chaperone [90] 
pdip5 3.50 2.07 ER chaperone [91] 
asph -1.55 2.24 2.43 Calcium homeostasis [92] 
calr 1.52 ER calcium binding [93-95] 
calrl 1.58 CALR like protein 
itpr2 1.76 IP(3)-sensitive Ca(2+) channels [96] 
rtn1a 2.12 ER shaping protein[97] 
trdn    -1.87 ER calcium release [98] 
rtn1b -1.60 ER shaping protein 
rtn2b -1.64 ER shaping protein [79] 
rtn3 1.62 ER shaping protein 
rtn4a 1.46 ER shaping protein 
ercc1    1.47 DNA repair [78] 
alkbh2  1.63 1.87 1.55 DNA repair [77] 
xrcc5   1.80  DNA repair [76] 
apex1   1.60  DNA repair [75] 
gadd45aa   2.60 2.14 DNA-damage response 
gadd45bb   2.35 2.50 DNA-damage response [79] 
gadd45b   2.67 2.41 DNA-damage response [79] 




2.4.5. Stress responses induced by protein biosynthesis errors 
The effect of proteome instability and aggregation on stress response pathways 
was also analyzed, in particular the effect on the heat-shock response and ubiquitin 
proteasome pathway. For this, we have monitored the levels of the chaperones HSP70 
and HSP90 and quantified proteasome activity. Expression of both chaperones was 
upregulated at both the mRNA and protein levels, especially in the embryos expressing 
the Ser-tRNAUCCGly, Ser-tRNACACVal and Ser-tRNACAGLeu (Figure 2.5B, C, 
Supplementary Table 5). In the case of the embryos expressing the Ser-tRNAUCCGly 
Hsp70 was induced 3.2 fold at the mRNA level and 1.4 fold at the protein level, Hsp90 
was 2.8 fold induced at the mRNA level and 1.7 fold at the protein level. Embryos 
expressing the Ser-tRNACACVal upregulated Hsp70 11.2 fold at the mRNA level and 1.4 
fold at the protein level, Hsp90 was 8.8 fold induced at the mRNA level and 1.9 fold at 
the protein level. Finally, in the case of the Ser-tRNACAGLeu, Hsp70 was upregulated 
44.8 fold at the mRNA level and 1.7 fold at the protein level and Hsp90 was 
upregulated 18.2 fold at the mRNA level and 2 fold at the protein level. The UPP was 
strongly induced (Figure 2.2A, Figure 2.5D) in particular in the embryos expressing the 
most destabilizing Ser-tRNACAGLeu. The other mutant tRNAs upregulated the UPP in 
the following order Gly > Val > Ala. In other words, increased chemical differences 
between misincorporated and WT amino acids resulted in stronger UPP activation, in 
line with the results described above. The small heat shock protein HSPB1 was also 
induced at the mRNA and protein levels (Figure 2.5E) and was accumulated in the 
insoluble fraction (Figure 2.5E), which is in line with its binding affinity for misfolded 
and aggregated proteins. These data are in line with the strong up-regulation of the UPP 




We further determined if tRNA mediated proteome instability elicited the ER 
unfolded protein response (UPR), by analyzing the expression levels of the UPR 
adaptor hspa5/bip and UPR component xbp1 and up regulation of 2.5 and 1.8 fold 
respectively, was observed in the embryos expressing the Ser-tRNACAGLeu (Figure 2.5F, 
Supplementary Table 5). We have also detected splicing of the transcription factor 
Xbp1 in all four mutants, with the highest level in the embryos expressing the Ser-
tRNACAGLeu (Figure 2.5G). Since activation of the UPR correlated with the translation 
attenuation discussed above, which is in line with previous data [19], the response 
generated by our proteome instability model confirmed that the misreading Ser-tRNAs 
activated the major cellular stress responses. The tRNAs also produced a scale of 
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2.4.6. Proteome instability leads to the accumulation of reactive oxygen 
species 
Stress induced production of ROS in the ER and subsequent Ca2+ release from the 
ER increases mitochondrial ROS production in several model systems [6, 99-101]. ER 
oxidative disulfide folding is the main source of ER ROS as molecular oxygen is the 
terminal electron acceptor, producing reactive oxygen species and oxidized glutathione 
[101, 102]. Such ROS accumulation likely expands the proteome damage leading to the 
accumulation of protein aggregates. In order to clarify whether our misreading tRNAs 
would impact on oxidative stress we have quantified ROS using DHE and Amplex® 
Red Hydrogen Peroxide kit (Molecular Probes®) [103]. DHE analysis showed 
increased production of the superoxide anion in embryos expressing Ser-tRNAUCCGly, 
Ser-tRNACACVal and Ser-tRNACAGLeu (Figure 2.6A). Production of hydrogen peroxide 
(H2O2), especially in the embryos expressing the Ser-tRNACACVal and Ser-tRNACAGLeu 
(Figure 2.6B), was increased by 200 and 270%, respectively, and was in line with 
increased activity of catalase (50% for Ser-tRNACACVal and 180% for Ser-tRNACAGLeu) 
which converts H2O2 to H2O and O2 (Figure 2.6C, D). The gene expression profiling 
also showed deregulation of several redox maintenance and antioxidant defence genes 
(Figure 2.6D, Table 2.2), namely the antioxidant cat gene [104] whose expression was 
upregulated 1.9 fold in Ser-tRNACAGLeu expressing embryos. Several selenoproteins and 
other antioxidant defence related genes, such as glrx, mgst1 and gstp1 were also induced 
(Table 2.2). Similar results were obtained for the peroxissomal pex13, lonp2, 
zgc:114079 and pmp34 genes (Table 2.2), indicating that our proteome instability model 
recapitulated the oxidative stress phenotype observed in protein conformational diseases 
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Table 2.2. Oxidant defense genes deregulated by mistranslation in zebrafish embryos. 
Microarray data analysis was done with MEV software [36, 37]. Significantly deregulated genes 
for each mutant tRNA were obtained with a t test analysis (p0.05) and a 1.5 fold change 
deregulation cut off. Fold change values are displayed.  
Gene symbol Ala Gly Val Leu Function 
park7  -1.48 
Oxidative stress response, apoptosis 
activator[107, 108] 
sepp1a 2.49 Selenoprotein [109] 
sepp1b 3.26 2.66 Selenoprotein 
sepn1 1.32 1.81 Selenoprotein 
sepw2b 1.90 Selenoprotein 
trnau1apl  1.93 1.75 
Protein associated with selenocysteine 
tRNA [110] 
qsox1 2.88 2.66 Cell redox homeostasis [111] 
glrx 2.33 Antioxidant defence [112] 
gstp1 2.30 1.65 Antioxidant defence [113] 
mgst1 3.17 2.74 Antioxidant defence [114] 
cat 1.94 Antioxidant defence peroxissomal [104] 
pex13 1.69 1.45 Antioxidant defence peroxissomal [115] 
lonp2   1.50 1.75 Antioxidant defence peroxissomal ref 
zgc:114079  5.50 4.91 Antioxidant defence peroxissomal [116] 
zgc:162641 2.33 1.64 Antioxidant defence peroxissomal 
 
2.4.7. Proteome instability impacts mitochondrial organization and function 
The increase in oxidative stress and up regulation of DNA repair genes prompted 
us to investigate whether mistranslation increased DNA damage. We focused on the 
integrity of the mitochondrial and nuclear genomes in mistranslating zebrafish embryos 
and this was determined by QPCR [42] Mitochondrial damages accumulated in 
response to Ser-tRNACGCAla (0.39 lesions/10Kb), Ser-tRNAUCCGly (0.82 lesions/10Kb), 
Ser-tRNACACVal (0.77 lesions/10Kb) and Ser-tRNACAGLeu (1.62 lesions/10Kb). Nuclear 
genome damage was also observed in response to Ser-tRNACGCAla (0.16 lesions/10Kb), 
Ser-tRNAUCCGly (0.36 lesions/10Kb), Ser-tRNACACVal (0.34 lesions/10Kb) and Ser-
tRNACAGLeu (0.52 lesions/10Kb), (Figure 2.7A). The higher level of damage of the 
mitochondrial DNA is likely related to reduced DNA repair capacity relative to repair of 
nuclear DNA and higher exposure to ROS [117-120].  




The above data indicated that mistranslation induced proteotoxic stress likely had 
a major impact on mitochondrial function. To test this hypothesis we have characterized 
the mitochondrial membrane potential and mitochondrial morphology. Mitochondrial 
membrane potential was reduced by 35%, 33% and 46% in embryos expressing the Ser-
tRNAUCCGly, Ser-tRNACACVal and Ser-tRNACAGLeu (Figure 2.7B), indicating that 
oxidative phosphorylation and ATP production were affected. Real-Time quantitative 
PCR (Figure 2.7C) analysis showed 28%, 55%, 50% and 70% increase in the levels of 
mitochondrial DNA in embryos expressing the tRNACGCAla, Ser-tRNAUCCGly, Ser-
tRNACACVal and Ser-tRNACAGLeu, respectively. And, the morphology of the 
mitochondrial network showed major alterations in embryos expressing the Ser-
tRNACAGLeu. Lower levels of alterations of the mitochondrial network were observed in 
the case of Ser-tRNACGCAla, Ser-tRNAUCCGly and Ser-tRNACACVal embryos (Figure 
2.7D). 
Those alterations in the mitochondrial network were consistent with deregulation 
of expression of several mitochondrial genes (Figure 2.7E, Table 2.3). For example, 
park2/parkin which promotes mitochondrial degradation by facilitating their elimination 
by specific autophagy – mitophagy [121, 122] was 4.8 fold upregulated in embryos 
expressing the Ser-tRNACAGLeu (Figure 2.7E). Conversely, Park7/Dj-1 which protects 
against ROS and translocates to the mitochondrial membrane under mitochondrial 
oxidative stress [123, 124] was downregulated 1.5 fold in embryos expressing the Ser-
tRNACAGLeu mutants (Figure 2.6D, Table 2.2), indicating increased susceptibility of 
mitochondria to ROS. Furthermore loss of Park7/Dj-1 elicits mitochondrial membrane 
potential reduction [125], an effect also observed in our samples. Genes related to 
mitochondrial network dynamics, namely rhot2, zgc:63910/mtfp1 and mff [126-128] 
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Several apoptosis and autophagy related genes were also upregulated (Table 2.3). 
For example zgc:158776/smac/diablo which is a mitochondrial protein related to 
apoptosis and caspase activation [129, 130] was upregulated by Ser-tRNACACVal and by 
Ser-tRNACAGLeu expressing embryos. The bnip3lb gene encoding a mitochondrial outer 
membrane protein involved in autophagy and autophagic cell death [131] was also 
upregulated in Ser-tRNAUCCGly and Ser-tRNACAGLeu expressing embryos. Interestingly, 
the major zebrafish autophagic markers and autophagy related genes were coordinately 
expressed in our mistranslating embryos namely lc3/map1lc3b, gabarap, becn1, atg10 
and atg4b (Table 2.3) [132]. The lc3/map1lc3b gene was upregulated both in Ser-
tRNAUCCGly and Ser-tRNACAGLeu, becn1 was upregulated in the three mutants, 
specifically in Ser-tRNAUCCGly, Ser-tRNACACVal and the Ser-tRNACAGLeu (See also 










Table 2.3. Mitochondrial genes deregulated in mistranslating embryos. 
Microarray data analysis was carried out using the MEV software [36, 37]. Significantly 
deregulated genes for each mutant tRNA were obtained with a t test analysis (p0.05) and a 1.5 
fold change deregulation cut off. Fold change values are displayed.  
Gene symbol Ala Gly Val Leu Function 
park2    4.8 Mitochondrial turnover [121] 
cox17 -1.57 COX assembly 
cycsb -1.22 -1.52 Mitochondrial respiratory chain
bnip3lb 1.84 1.99 Apoptosis [130] 
zgc:158776  1.76 1.42 
Apoptosis (Eimon & 
Ashkenazi, 2010) 
spns1 1.89 Apoptosis (Nakano et al, 2001) 
mpv17 2.15 1.64 Response to ROS [133] 
glrx5  1.69 
Biogenesis of iron-sulfur 
clusters 
msrb2 4.88 Response to ROS [134] 
mrpl12 -1.26 -1.47 mitochondrial ribosomal protein 
mrpl14 -1.36 -1.58 mitochondrial ribosomal protein 
zgc:110255  1.51 1.43 
mitochondrial ribosomal 
protein 
zgc:63910 1.52 Mitochondrial fission [127] 
mff    1.2 Mitochondrial fission [128] 
rhot2 1.88 1.43 Mitochondrial dynamics [126] 
samm50  -1.53 
Ultrastructure organization 
[135] 
atg10  1.5 1.5  Autophagy 
atg4b  1.8   Autophagy 
becn1  1.6 1.9 1.9 Autophagy 
gabarap  1.9   Autophagy 





2.5.1. Mistranslation induces proteome aggregation in zebrafish 
We have destabilized the zebrafish proteome through low level proteome wide 
misincorporation of Ser. This lead to clearly visible accumulation of ubiquitinated 
protein aggregates in most embryos except in those expressing the Ser-tRNACGCAla 
mutant where there was only a small increase in ubiquitination, carbonylation and 
protein aggregation (Figures 2.2.A, 2.2.B, 2.2.C). Compartmentalization of potentially 
toxic misfolded and aggregated proteins occurs according to their ubiquitination status 
and solubility, forming the juxtanuclear quality control (JUNQ) and the insoluble 
protein deposit (IPOD) [15]. Our results indicate that mRNA mistranslation produces 
misfolded proteins that form aggregates in the perinuclear region possibly in association 
with JUNQs since we detected perinuclear accumulation of poliubiquitinated proteins. 
The data is consistent with the differences in chemical properties between Ser and the 
targeted amino acids. Indeed, Ser and Ala are chemically similar and the Ser-
tRNACGCAla produced mild proteotoxic phenotypes while Ser misincorporations at the 
other amino acids (Gly<Val<Leu) sites produced increased levels of protein 
ubiquitination and aggregation, upregulated molecular chaperones and other 
components of the stress response. Despite the different levels of toxicity observed 
between the misreading tRNAs our data show that tRNA directed protein mutagenesis 
activates the ER-unfolded protein response (ER-UPR). Since the UPR coordinates 
several quality control mechanisms of the secretory pathway, which can either be 
adaptive or pro-apototic, and plays a role in several pathologies such as cancer, 
neurodegenerative, metabolic and inflammatory diseases [136], our data is consistent 
with the hypothesis that protein aggregation on its own has a strong impact on healthy 
ageing and ageing related diseases through ER stress. Indeed, ER stress signals extend 




to the mitochondria, are associated with ROS production and activate JNK and TOR 
signaling pathways [6, 19]. In zebrafish, ER stress is associated with liver disease [137, 
138] and it will be interesting to investigate in future studies whether mistranslating 
transgenic fish will develop liver disease and other protein conformational diseases.  
Induction of the UPR increasess eIF2-α phosphorylation through activation of 
PERK, reducing the delivery of tRNAiMet to the ribosome and consequently decreasing 
translation rate [56-58]. Our data confirmed the down regulation of protein synthesis 
rate associated with increasing levels of eIF2-αP, depending on the chemical differences 
between Ser and the amino acids targeted by the misreading tRNAs. Studies from other 
laboratories show that protein aggregation does induce eIF2-αP and that long term down 
regulation of protein synthesis, rather than toxicity associated with aggregated proteins, 
is the main cause of neuronal cell death [139]. We have observed increased levels of 
apoptosis (data not shown) and it will be interesting to determine whether the latter is a 
direct result of down regulation of protein synthesis and can be alleviated through 
inhibition of eIF2-α phosphorylation. 
 
2.5.2. Proteotoxic stress destabilizes the nuclear and mitochondrial genomes 
Our data also showed remarkable negative impacts of mistranslation on both the 
nuclear and mitochondrial genomes, and up regulation of DNA repair and DNA damage 
response genes, but further studies are needed to clarify whether these negative 
phenotypes are a direct consequence of down regulation of protein synthesis and protein 
aggregation or are associated with oxidative damage or disruption of DNA replication, 
recombination and repair. In any case, the effect of proteome instability on the genome 
strongly suggests that proteotoxic stress has direct impacts on mutation rate and genome 




protein aggregation in cancer and degenerative diseases. Indeed, genomic instability is 
associated with natural ageing in several organisms and oxidative DNA damage 
potentiates genome instability and the mitochondria is believed to play an important role 
as a ROS generator [140, 141]. It is still unclear how mitochondrial metabolism impacts 
the ageing process, but it is likely that ROS produced at the mitochondrial level 
increases replication stress that mediates the effects of DNA oxidative damages and 
ageing [140]. Our observation that proteome aggregation has a strong negative impact 
on the mitochondrial genome suggests that proteotoxic stress may contribute to ageing 
by promoting mitochondrial genome instability. 
Mitochondria form highly structured networks which are maintained through 
dynamic fusion and fission [142-144]. The shape of mitochondria can shift from the 
normal tubular shape to elongated structures by disruption of fission. Conversely, when 
fusion is impaired mitochondria assume short rod like or spherical shapes [142-144]. 
The dynamic balance between mitochondrial fusion and fission is crucial for diverse 
biological processes, namely apoptosis, embryonic development and human diseases 
[144-146]. Our transcriptome profiling data showed that mitochondrial fission processes 
are upregulated, suggesting that the observed fragmentation of the mitochondrial 
network is due to increased fission. Since the ER and mitochondria are interconnected at 
the mitochondria-associated membrane (MAM) and enable lipid, Ca2+ and ATP 
shuttling, it is possible that mRNA mistranslation affects mitochondrial function 
through elevated ER stress. Indeed, mitochondria and ER contacts increase under stress 
potentiating apoptosis activation [147, 148]. Furthermore, association of ER and 
mitochondrial membranes plays a role in mitochondrial dynamics and distribution due 
to their attachment to the cytoskeleton [148]. Prolonged ER stress increases the calcium 
flown from the stressed ER into the mitochondrial matrix through the MAM, and the 




accumulation of Ca2+ in the mitochondrial matrix saturates its buffering capacity 
resulting in the opening of the mitochondrial permeability transition pore (mtPTP) and 
consequent apoptotic signalling [149]. Apoptosis and increased mitochondrial fission 
seem to be associated, although this association is not the only mandatory trigger of 
apoptosis, as perturbations in fusion and fission also increase it. In any case, increased 
mitochondrial fission, either through induction of fission stimulators or down regulation 
of fusion processes, is associated with cytochrome c release and apoptosome assembly 
[146, 150]. Modulation of the stress signal from the stressed ER to the mitochondria can 
also be executed by ROS and high levels of oxidative stress can deregulate Ca2+ 
signaling and homeostasis through oxidative damages to Ca2+ channels, namely SERCA 
and IP3R [151]. Therefore, our data is consistent with the hypothesis that ROS 
produced through protein aggregation may induce mitochondrial dysfunction through 
deregulated calcium signaling between the ER and the mitochondria [151].  
The link between protein aggregation, mitochondrial disruption and oxidative 
stress in neurodegenerative diseases and ageing is still controversial. In particular, it is 
not yet clear whether ROS accumulation during ageing is the main cause of protein 
aggregation and mitochondrial dysfunction or whether protein aggregation is the 
triggering event of degenerative processes that culminate in ROS production and 
mitochondrial dysfunction [152-154]. Our data show unequivocally that proteome 
instability on its own is sufficient to disrupt the mitochondrial network, increase ROS, 
saturate the ER and down regulate protein synthesis. Considering the activation of the 
UPR and that the ER is a frequent source of ROS, it is likely that the observed increase 
in ROS in the mistranslating embryos may result from both ER and mitochondrial 
dysfunction. In any case, the data demonstrates that mistranslation and proteotoxic 




ROS accumulation, mimicking several of the major endpoints of neurodegenerative 
diseases [155]. 
 
2.5.3. Protein aggregation during ageing 
Ageing is naturally accompanied by cellular senescence and has been frequently 
associated with protein aggregation, high levels of ROS and mitochondrial dysfunction 
[8, 16, 141]. Protein homeostasis is maintained by quality control mechanisms that 
function at different levels to maintain a stable proteome. In aged organisms there is 
reduced capacity to maintain a healthy proteome, and evidences are growing that this is 
due to loss of activity of the proteostasis networks [7]. Indeed, we observed increased 
protein aggregation in aged zebrafish. The influence of chaperone activity in the 
proteostasis network spreads out through multiple regulatory pathways, consequently 
deregulation of its activity can have profound effects on proteome [11]. Decreased 
chaperone activity has been observed in senescent fibroblasts and in vertebrates such as 
zebrafish [54, 156]. Furthermore, chaperone induction occurs in situations of caloric 
restriction, which prolongs life span, and has also been observed in centenarian human 
cells upon stress [3]. Chaperones and protein networks represent major preventive 
mechanisms in ageing associated diseases in humans, since accumulation of misfolded 
and aggregated proteins are related to several conformational diseases [1]. Additionally, 
different cellular types have proteome and proteostasis networks fitted to the cellular 
functions and this may partially explain why specific cell types, such as neurons, are 
particularly sensitive to ageing and disease [11]. Loss of proteostasis with concomitant 
protein aggregation is a common trait of human conformational diseases. This has 
several associated problems, namely chaperone sequestration, toxic gain of function and 




improper protein trafficking, however the precise mechanisms that induce loss of 
proteostais and disease are still to be described [11]. 
In conclusion, the contribution of gene translational errors to protein 
misfolding/aggregation and proteotoxic stress is poorly understood, but our work raises 
the possibility that increased mRNA mistranslation during healthy ageing will promote 
protein aggregation and proteotoxic stress and it will be fascinating to quantify 
translational errors during healthy ageing zebrafish using mass-spectrometry or gain-of-
function fluorescent reporter systems. Our data also raises the hypothesis that long term 
therapies that interfere with protein synthesis fidelity, environmental stressors, 
pathologies, mutations and other biological or environmental processes that interfere 
with the ribosome and translational factors will have direct impact on protein 
aggregation and consequently on proteotoxic stress and ageing. Finally, our data 
demonstrate that mutant misreading tRNAs are powerful tools to study the biology of 
proteome instability and proteotoxic stress. Since our misreading tRNAs can be applied 
to any organism and cell type we anticipate that this methodology will allow for deep 
dissection of eukaryotic proteotoxic stress networks and proteome aggregation during 





2.6. Supplementary data  
Supplementary Table 1. Mutant tRNAs constructed in this study. 
Name Mutation Affected Codon
tRNASerCGC Ala - Ser GCG
tRNASerUCC Gly - Ser GGA
tRNASerCAG Leu - Ser CTG
tRNASerCAC Val - Ser GTG
 
 
Supplementary Table 2. Characteristics of the amino acids and usage of the codons targeted in 
this study for Ser misincorporation.  
Amino acid Blossom 62 score X→S Hidropathy Polarity Properties 
Serine - -0,8 polar reactive hydroxyl group 
Alanine 1 1,8 non-polar normal C-beta carbon 
Glycine 0 -0,4 non-polar side chain hydrogen 
Valine -2 4,2 non-polar C-beta branched, aliphatic 
Leucine -2 3,8 non-polar aliphatic 
 
Codon Nr codons RSCU % targeted genes 
GCG - Ala 139402 0.524 89.69 
GGA - Gly 397666 1.522 98.48 
GUG - Val 393951 1.454 98.55 














Supplementary Table 3. Mutant reporter eGFP constructed in this study. These recombinant 
genes were cloned into the plasmid pCS2. 
Reporter Mutation eGFP 65 
Positive ctrl Ser 
Alanine reporter Ala - GCG 
Alanine neg ctrl reporter Ala - GCG 
Glycine reporter Gly - GGA 
Glycine neg ctrl reporter Gly - GGA 
Leucine reporter Leu - CTG 
Leucine neg ctrl reporter Leu - CTG 
Valine reporter Val - GTG 
Valine neg ctrl reporter Val - GTG 
 
 
Supplementary Table 4. Oligos used in Real-time qPCR. 
Target mRNA Oligo




hsp70l Fw 5’-CTGTCTCTGGGCATCGAGAC-3'Rv 5'-TGTCGGAGTAGGTGGTGAAG-3'
hsp90a.2 Fw 5'-GCTCTTATCCTCAGGCTTCA-3'Rv 5'-CGACAGGTCGTCCTCATCAA-3'
hspa5 Fw 5'-TGGAGGAGAAGATCGAGTGG-3'Rv 5'-CTGCCGTACAGTTTGCTGAC-3'
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Supplementary Table 6. ER metabolism genes that were deregulated in mistranslating 
embryos. Microarray data analysis was carried out using MEV software [36, 37]. Data was 
analyzed using M values (log2 ratios). Fold change values are displayed, t-test analysis p0.05. 
Gene symbol Ala Gly Val Leu GO BP 
use1 1.63 protein transport 
zgc:153032  3.88 2.46 protein thiol-disulfide exchange 
cyp26a1 2.71 2.34 retinal metabolic process 
dhcr7 1.54 cholesterol biosynthetic process 
acer1 2.06 lipid metabolic process 
agpat9l 4.10 5.58 7.98 phospholipid biosynthetic process 
alg6 1.71 protein N-linked glycosylation 
asah2 4.37 lipid metabolic process 
extl2 1.81 1.37 metabolic process 
hsd17b12a  1.76 1.63 lipid biosynthetic process 
insig1 3.51 lipid metabolic process 
mboat4 1.77 peptidyl-serine octanoylation 
moxd1 -1.37 1.67 1.55 catecholamine metabolic process 
ormdl1 1.87 1.46 ceramide metabolic process 
p4ha1b 2.16 oxidation-reduction process 
p4ha2 2.44 4.79 oxidation-reduction process 
p4hb 2.09 1.77 glycerol ether metabolic process 
pi4kb 2.13 1.62 phosphatidylinositol phosphorylation 
plod3 1.74 1.87 oxidation-reduction process 
rdh10b 1.61 oxidation-reduction process 
sc4mol 2.78 lipid biosynthetic process 
serinc5 2.06 1.65 lipid metabolic process 
tmem195 1.87 fatty acid biosynthetic process 
lpcat2 5.05 phospholipid biosynthetic process 
tmem38b 7.36 ion transport 
trpc4apa 1.59 1.73 1.41 _ 
rrbp1b 1.89 protein transport 
 
 




Supplementary Table 7. Mitochondrial transport and metabolism genes deregulated in 
mistranslating embryos. Microarray data analysis was carried out using MEV software [36, 
37]. Data was analyzed using M values (log2 ratios). Fold change values are displayed, after a t-
test analysis p0,05. 
Gene symbol Ala Gly Val Leu GO BP 
fxn 2.75 iron-sulfur cluster assembly 
kbp 1.63 1.69 1.47 mitochondrial transport 
slc25a14 1.48 mitochondrial transport 
slc25a4 -5.03 transmembrane transport 
slc25a10 2.60 2.42 2.23 mitochondrial transport 
slc25a28 1.54 1.64 iron ion homeostasis 
slc25a33 1.71 transmembrane transport 
slc25a37 1.79 1.76 mitochondrial iron ion transport 
vdac2 1.79 regulation of anion transport 
slc25a47a 2.55 transmembrane transport 
hibch   1.53 
branched-chain amino acid 
catabolic process 
oxct1a 1.65 1.18 ketone body catabolic process 
d2hgdh 1.54 oxidation-reduction process 
acsf2 1.79 lipid metabolic process 
aldh4a1 1.65 oxidation-reduction process 
cpt2 1.73 lipid metabolic process 
cyp11a1 7.93 oxidation-reduction process 
hagh 2.22 glutathione biosynthetic process 
mao 1.48 1.98 catecholamine metabolic process 
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3. Proteotoxic stress induces developmental malformations and 
deregulates specific microRNAs in zebrafish mistranslating 
embryos 
3.1. Abstract  
The accumulation of misfolded proteins leads to proteotoxic stress, which has a 
strong impact on cell homeostasis. However, it is not yet clear how this phenomenon 
affects gene expression and if microRNAs play a role in the proteotoxic stress response 
during vertebrate development. To clarify this issue, we generated zebrafish embryos 
that mistranslate mRNA at low level, due to the expression of engineered transfer RNAs 
that introduce random mutations at the proteome level. This activates the stress response 
in response to protein enabling the study of the effects of proteotoxic stress during 
vertebrate development. Our data show that proteotoxic stress induces developmental 
malformations, reduces embryo viability, and deregulates apoptosis, Hedgehog, Wnt 
and Notch signaling pathways. It also up-regulates miR-145, miR-2195, miR-190b and 
miR-365 and down-regulates miR-17a*, miR-27c, miR-735, miR-1, miR-16c and let-
7g. Interestingly, some putative targets of these molecules are deregulated at the mRNA 
level and are mainly involved in embryo development and apoptosis, indicating that the 















The maintenance of a functional proteome is fundamental to life. Translational 
errors that occur naturally at a frequency of 10-4 are not associated with cell 
degeneration, however small increases in the level of error are detrimental [1]. Indeed, 
the accuracy of protein synthesis [2] and protein quality control mechanisms (PQC) 
promote correct protein folding and modification allowing proteins to reach their native 
conformation, thus contributing to proteome balance [3, 4]. These PQC systems are 
composed by molecular chaperones, endoplasmic reticulum associated degradation 
(ERAD), autophagy and the ubiquitin proteasome pathway (UPP). These mechanisms 
reduce proteotoxic stress by minimizing the production of abnormal proteins and 
removing those that are terminally aberrant [5, 6]. Chaperones take part in several 
processes in the cell, especially in the folding/refolding and assembly steps and also in 
the deposition and degradation of aggregated and misfolded proteins [7-9]. Endoplasmic 
reticulum (ER) saturation with misfolded proteins triggers the activation of apoptotic 
pathways [10, 11], increase oxidative stress, induces calcium leakage from the stressed 
ER and subsequent activation of cytosolic proteases and death effectors of the BCL-2 
family [11, 12]. The latter signal apoptosis through the mitochondrial pathway, however 
these mechanisms remain poorly understood and how apoptotic signaling is initiated is 
still a matter of debate [11, 12].  
MicroRNA regulation plays a critical role in the control of vertebrate embryo 
development. Since the first evidences of miRNA regulated gene expression in 
Caenorhabditis elegans by lin-4 and let-7 it has been shown that these small RNAs 
intervene in the regulation of most of the biological processes [13]. Importantly, specific 




patterning [14]. In the case of zebrafish, miRNAs have a pivotal role during 
development by regulating tissue differentiation and organogenesis [15-23]. For 
instance, miR-1 and miR-133 play fundamental roles is sarcomeric organization 
allowing for proper muscle tissue development [15]. And the tumor suppressor miR-145 
is responsible for zebrafish gut development by targeting the transcription factor gata6 
[21]. Several studies have also shown that miRNAs can play an important role in 
mediating cellular stress responses. Indeed, endoplasmic stress response factor XBP1 
can be targeted by miR-30c-2-3p and induce the expression of miR-346 under ER stress 
conditions to mediate adaptive responses to ER stress [24, 25]. The ER-UPR factor 
IREα can also intervene in miRNA dynamics at the biogenesis levels, since this factor 
can cleave several miRNAs (miR-17, miR-34a, miR-96, miR-125b) to stimulate 
apoptosis following ER stress [26]. 
Several strategies based on chemical stressors or overexpression of aggregation 
prone proteins have been used to generate proteome imbalance [27-29]. A new method 
based on misreading tRNAs has been tested in yeast, mammalian cells and chick 
embryos and the results indicate that it is possible to induce the activation of the stress 
response in the ER without exposing cells to chemicals [30-32]. Our laboratory has 
established a zebrafish system based on misreading serine tRNAs that created proteome 
instability; we observed increased protein ubiquitination and activation of the UPP and 
UPR, increased reactive oxygen species (ROS) production, down-regulation of protein 
biosynthesis and mitochondrial dysfunction (chapter 2). Zebrafish is a vertebrate model 
system with many advantages over other vertebrate models, since it has high fecundity, 
transparent embryos, and external development. Thus, it is easily visualized and 
experimentally manipulated at early developmental stages. All these features, 
previously found mainly in invertebrate models, facilitate genetic and functional studies. 




Importantly, the zebrafish model system allows the evaluation of proteotoxic stress 
response in a whole organism at early development stage by expressing mutant tRNAs 
in zebrafish embryos.  
Our approach targets the whole proteome with different mutations that activate 
several quality control mechanisms and trigger ER stress. These misreading tRNAs 
caused embryo malformation and reduced survival. To elucidate whether miRNAs are 
implicated in this phenotype we have used miRNA profiling to identify deregulated 
miRNAs. Protetoxic stress induced by the misreading tRNAs upregulated expression of 
miR-145, miR-2195, miR-190b and miR-365, and downregulated miR-17a*, miR-27c, 
miR-732, miR-1, miR-16c and let-7g. Several putative targets of these miRNAs were 
also deregulated. We also performed gene expression microarrays to explore 
transcriptome reprograming and proteotoxic stress responsive genes. We show that 
misreading tRNAs activate the apoptotic pathways, and also that this activation is 
dependent on the type of mutations introduced into the proteome. Our data shows that 
early zebrafish development is strongly affected by the misreading tRNAs; thus opening 








3.3.1. Zebrafish husbandry and mutant serine tRNA microinjection 
Zebrafish were maintained at 28ºC on a 14 h-light/10 h-dark cycle. Stages of 
embryonic development were determined based on the number of hours after 
fertilization and morphological standards [33]. Zebrafish maintenance followed the 
Portuguese law for animal experimentation (Regulatory Guideline nº 1005/92, October 
23rd, 1992). Mutant tRNA constructs described in the previous chapter were injected 
into zebrafish embryos at one-cell stage. 65 ng/µL of plasmid in phenol red/KCl were 
injected in one-cell stage embryos and embryos were staged in system water and 
observed under a stereo-microscope equipped for fluorescence measurements (Nikon). 
 
3.3.2. Alcian blue staining 
For the alcian blue staining of craniofacial cartilage, 5 dpf larvae were 
euthanized in tricane and fixed overnight at 4ºC in 4% paraformaldehyde and 
maintained in 100% ethanol at -20ºC. Fixed larvae were washed with PBT, bleached in 
hydrogen peroxide and potassium. Staining was performed overnight in 0.1% Alcian 
Blue in acid-alcohol (5% concentrated hydrochloric acid, 70% ethanol) and larvae were 
washed several times with the same solution of acid-alcohol. Finally larvae were 
rehydrated and mounted with glycerol-KOH. 
 
3.3.3. ROS scavengers 
Zebrafish embryos were injected with the mutant tRNA contructs and were 
maintained in scavenger solutions. Namely, ascorbic acid (500µM), gluthatione 
(100µM) and d-methionine (20µM). Scavenger solutions were prepared with system 




water and solution pH was corrected. Embryos were observed under a stereo-
microscope equipped for fluorescence measurements (Nikon). Stages of embryonic 
development were determined based on the number of hours after fertilization and 
morphological standards [33]. 
 
3.3.4. Total RNA extraction 
Total RNA was extracted using Trizol® according to manufacturer´s 
instructions. Briefly, 200 24hpf embryos were collected, dechorionated and stored at -
80ºC. Frozen embryo pellets were ressuspended in 1mL of TRIZOL and disrupted using 
precellys 24 (Bertin technologies). The total extracts were incubated at room 
temperature for 5 minutes and further extracted with chlorophorm and isopropyl 
alcohol. Total RNA pellets were washed with 75% ethanol and ressuspended in milliQ 
water. To remove contaminating DNA, samples were treated with DNAseI (Fermentas) 
following the manufacturer instructions and stored at -80ºC. RNA was quantified using 
Nanodrop 1000 Spectrophotometer (Thermo Scientific) and quality was verified using 
the Agilent 2100 Bioanalyzer. 
 
3.3.5. MicroRNA microarrays 
MiRNA microarrays were performed using the miRNA Chip 
(miRNAChip_MS_V1) which was printed at the Portuguese National DNA Microarrays 
Facility, at the University of Aveiro. Arrays were printed with 1164 probes in 
quadruplicate, probes targeted the known mature miRNAs present in the Sanger 
miRBase Sequence Database, Release 9.0 (features human, mouse, rat, Drosophila 
melanogaster, Caenorhabditis elegans, and zebrafish). Mismatch controls and Ncode 




quality determination and also improve spot location. An additional set of 24 probes 
was included; these probes correspond to novel zebrafish miRNAs identified by Soares 
and colleages [34]. Sample labeling was carried out with ULS microRNA labeling kit 
(Kreatech) following manufacturer’s instructions. 2µg of total RNA was labeled with 
Cy3-ULS at 85ºC for 15min. After this, labeled samples were purified and dye 
incorporation was monitored using ultraviolet-visible spectroscopy. Samples were 
hybridized to the miRNA Chips at 42ºC for 16h. Following hybridization slides were 
immediately washed and scanned with the Agilent G2565AA microarrays scanner. 
 
3.3.6. MicroRNA microarray data extraction and analysis 
Probes signal were extracted from microarray scan data and analyzed using 
Agilent Feature Extraction Software (Agilent). Briefly, median pixel intensity values 
were normalized and background subtracted. Data was normalized using BRB Array 
tool v3.4.0 software to do a global median normalization for each miRNA. Normalized 
data was log transformed (base 2) and further analyzed with MEV software (TM4 
Microarray Software Suite) [35, 36]. A t-test (p<0.05) was applied to identify miRNAs 
that showed statistically significant differences in expression between control and 
mutant tRNA samples.  
 
3.3.7. Real-Time Quantitative PCR 
Quantification of miRNA expression was carried out using NCode™ miRNA 
First-Strand cDNA module and Platinum® SYBR® Green qPCR Super Mix-UDG 
(Invitrogen). Total RNA was extracted using Trizol® and treated with DNAseI. Total 
RNA was polyadenylated and used to produce the cDNA. cDNA was prepared from 
500ng of total polyadenylated RNA using Superscript III (Invitrogen) according to the 




manufacturer´s instructions. Real-time Quantitative PCR was carried out using the ABI 
Prism 7500 Sequence Detector System (Applied Biosystems). The reactions were 
carried out at 95ºC for 2 min, 95ºC for 15s and 60ºC for 30s with 50 repetitions. The 
threshold cycle data (CT) and baselines were determined using auto settings. All assays, 
including no template controls, were performed in triplicate and relative quantification 
of gene expression was calculated by the 2−ΔΔCT method [37] where the control 
sample was the endogenous serine tRNA and the experimental internal control was U6 
small RNA (RNU6B). Probes were U6: 5’-GACACGCAAATTCGTGAAGCGTTCC 
ATA-3’, mir-145: 5’-GTCCAGTTTTCCCAGGAATCCC-3’, mir-1: 5’TGGAATGT 
AAAGAAGTATGTAT-3’ and mir-27c: 5’-TTCACAGTGGTTAAGTTCTGC-3’. All 
the analyses were carried out using REST-MCS tool [38]. 
 
3.3.7. MiRNA target prediction 
miRNA targets were identified with the Eimmo (MirZ), miRBASE Targets and 
TargetScan Fish databases. The computational targets were considered when they were 
retrieved from at least two of the algorithms. GO terms were identified using DAVID 
database and manually curated to remove redundant terms [39, 40]. 
 
 3.3.8. Gene expression microarrays 
Gene expression microarrays were performed following the Agilent protocol for 
One-Color Microarray-Based Gene Expression Analysis Quick Amp Labeling v5.7 
(Agilent Technologies). Briefly, cDNA was synthesized from 600ng of total RNA using 
Agilent T7 Promoter Primer and T7 RNA Polymerase Blend and labeled with Cyanine 
3-CTP. Labeled cDNA was purified with RNAeasy mini spin columns (QIAGEN) to 




using the Nanodrop 1000 Spectrophotometer. Agilent zebrafish (v2) microarrays were 
hybridized with 1.65 μg of labeled cDNA. Hybridizations were carried out using 
Agilent gasket slides in a rotating oven for 17hr at 65ºC. After hybridization, 
microarrays were washed using the wash procedure with stabilization and drying 
solution following the manufacture’s recommendations (Agilent). Slides were 
immediately scanned using an Agilent G2565AA microarrays scanner (Agilent).  
 
3.3.9. Gene expression microarray data extraction and analysis 
Probes signal values were extracted from microarray scan data using Agilent 
Feature Extraction Software (Agilent). The microarray raw data was submitted to the 
GEO Database and has been given the following accession number: GSE50090. Data 
was normalized using median centering of signal distribution with Biometric Research 
Branch BRB-Array tools v3.4.o software. Microarray data analysis was carried out with 
MEV software (TM4 Microarray Software Suite) [35, 36]. A t-test (p<0.05) was applied 
to identify genes that showed statistically significant differences in expression between 
control and mutant tRNA samples. GO term enrichment analysis for total statistically 
significant gene lists for all the mutants was carried out using a hypergeometric test in 
GeneCodis 2.0 [41, 42].  
 
3.3.10. Cell death assay 
Acridine orange (AO) is a cell permeable nucleic acid dye which is sequestered 
by lysosomes and does not enter the nucleus. However, upon cell death intracellular pH 
changes and AO is released into the cytoplasm. For cell death staining, 24hpf embryos 
were washed and dechorionated. Live embryos were stained for apoptotic cells with 
5μg/ml AO for 30 min in the dark. After incubation, embryos were washed with system 




water and photographed using an epifluorescence microscopy. Fluorescent images were 
obtained using an Imager.Z1 (Zeiss), AxioCam HRm camera (Zeiss) and AxioVision 
software (Zeiss).  
 
3.3.11. Caspase activity assays 
For caspase activity measurements 20 embryos (24hpf) were dechorionated and 
stored at -80º C, resuspended in 100µL of buffer and lysed by passing them through a 
26.5 gauge needle, then incubated on ice for 30 minutes and centrifuged at 10 000 rpm 
for 15 minutes at 4ºC. Caspase activation was assessed after measuring the release of 
aminoluciferin from a caspase substrate (ZDEVD-AML) using the Caspase-Glo® 
Luminescence kit (Promega, Madison, WI). Kits for Caspase 3/7, 8 and 9 were used.  
For the assays, 10 µL of the supernatant was diluted with 90µL of room temperature 
lysis buffer and 100µL of the Caspase-Glo reagent was added. The reactions were 
carried out on white 96 well plates and incubated at room temperature for 2 hours. After 
incubation luminescence was measured in a luminometer (Synergy2 BioTek). 
 
3.3.12. Statistical analysis 
Data was analyzed using GraphPad Prism. The differences between control and 
conditioned embryos were assessed by Student's t-test or ANOVA with post-test 






3.4.1. Impact of proteome instability on zebrafish embryo development 
In this study we describe the impact on zebrafish development of proteotoxic 
stress generated by mutant tRNAs described in chapter 2. These mutant tRNAs are able 
to misincorporate serine at low level into proteins on a proteome wide scale. 
Importantly, zebrafish embryos at 24hpf show already most of their organ systems 
differentiated. The brain is already divided into five lobes, and neurons are organized 
and localized to positions that are maintained up to adulthood [33, 43, 44]. The main 
muscular and skeletal structures are already present or starting to differentiate, like for 
instance the vascular system [33]. Therefore this time point is adequate to evaluate the 
influence of mRNA mistranslation on early larval development. The effects of the 
expression of mutant tRNAs were analyzed at 24hpf regarding embryo development 
and morphological alterations. Embryos suffered a strong reduction in viability, 
especially in the case of the embryos expressing the Ser-tRNACAGLeu, only 5% survived  
(Figure 3.1A, Supplementary Table 1). The reduction of viability was accompanied by 
an increase in developmental malformations (Figure 3.1B). Embryos developed several 
morphological alterations, which were particularly severe in the embryos expressing the 
Ser-tRNAUCCGly, Ser-tRNACACVal and Ser-tRNACAGLeu. Visible alterations to 
development ranged from undeveloped head and spinal region, tail shortening, 
longitudinal symmetry loss and also developmental arrest (Figure 3.1C). Cartilage 
staining of 5dpf larvae showed craniofacial malformations that affected the jaw and also 
the branchial arches. All mutant tRNAs caused alterations on zebrafish craniofacial 
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3.4.2. MiRNA expression in response to mRNA mistranslation 
Analysis of miRNA microarray profiling data showed that proteotoxic stress 
coordinately deregulated miRNAs in 24hfp zebrafish embryos (Figure 3.3A). After the 
application of a 1.5 fold change cut off we determined that the expression of the Ser-
tRNACGCAla deregulated 17 miRNAs, the Ser-tRNAUCCGly deregulated 10 miRNAs, the 
Ser-tRNACACVal deregulated 21 miRNAs and finally the expression of the Ser-
tRNACAGLeu induced the deregulation of 12 miRNAs (Figure 3.3B, Supplementary 
Table 2). Several miRNAs were common to the different mRNA mistranslation 
conditions (Figure 3.3C, D). In the group of upregulated miRNAs the miR-145, which 
is involved in the regulation of cell proliferation, differentiation and apoptosis [21, 45-
48], was deregulated in the four mutants. MiR-2195 and miR-15a* were induced by 
both the Ser-tRNACACVal and the Ser-tRNACAGLeu. MiR-150, a regulator of cellular 
proliferation [49], was induced by the tRNAs that misincorporate at alanine, glycine and 
leucine codons. MiR-130c, miR-155, miR-1388 and miR-153a were induced by both 
Ser-tRNACGCAla and Ser-tRNACACVal. MiR-196a was upregulated by the Ser-
tRNAUCCGly and Ser-tRNACGCAla; and finally miR-30c was induced by both Ser-
tRNAUCCGly and Ser-tRNACACVal. There were also miRNAs deregulated in one mRNA 
mistranslation condition only (Supplementary Table 2). For instance, the mutant Ser-
tRNACGCAla upregulated miR-144, miR-152, miR-190b, miR-26a and miR-457b. The 
mutant Ser-tRNAUCCGly upregulated let-7h, miR-10b, miR-135b, miR-18b and miR-365. 
The mutant Ser-tRNACACVal upregulated miR-101b, miR-133c, miR-190, miR-200b, 
miR-206, miR-301b and miR-726. Finally, the mutant Ser-tRNACAGLeu induced the 
expression of miR-222b, miR-27a and miR-454b. To a smaller extent, proteotoxic stress 
also repressed several miRNAs (Figure 3.3D). MiR-27c was repressed by the Ser-




downregulated by Ser-tRNACGCAla, Ser-tRNACACVal and Ser-tRNACAGLeu. The Ser-
tRNACGCAla and the Ser-tRNACAGLeu decreased expression of the miR-27b, a regulator 
of angiogenesis [50]. Again, there were also unique profiles of silenced miRNAs 
(Supplementary Table 2), for example, the mutant Ser-tRNACGCAla repressed miR-203b 
and let-7g. In the case of the mutant Ser-tRNACACVal, miR-10b, miR-16b, miR-261b and 
miR-732 were downregulated. Finally, the mutant Ser-tRNACAGLeu repressed miR-16c 
and miR-1. MiR-1 is involved is embryonic muscle development in zebrafish and can 
also play a role in angiogenesis [15, 51]. We confirmed miRNA deregulation by qPCR 
(Figure 3.4) for the embryos expressing the mutant Ser-tRNACAGLeu. Expression levels 
of miR-145, miR-1 and miR-27c measured by qPCR were coincident with the 
microarray data, namely miR-1 and miR-27c were downregulated and miR-145 was 
upregulated, although for this miRNA the upregulation was less extensive than that 







































































































































3.4.3. Target Prediction for miRNAs deregulated by proteotoxic stress 
Knowing that miRNAs regulate gene expression at the post transcriptional level 
and that their expression is sensitive to developmental stage and tissue type; we 
assessed the biological meaning of miRNA deregulation induced by proteotoxic stress. 
For this, we have performed miRNA target prediction. Potential targets were predicted 
using the Eimmo, Miranda and TargetScan Fish algorithms. Putative targets were 
considered only when they were identified by at least two of these databases. 
Proteotoxic stress deregulated the expression of 27 miRNAs. The most representative 
induced miRNAs were miR-2195, which was deregulated by both Ser-tRNACACVal and 
Ser-tRNACAGLeu, and miR-145, whose expression was altered by four mutant tRNAs; 
miR-365 was most upregulated by Ser-tRNAUCCGly and miR-190b showed high 
expression level in the Ser-tRNACGCAla embryos. Putative targets of miR-190b 
(Supplementary Table 3) such as mad1l1 and sept2 are involved in cell cycle, fezf1, 
pou4f3, and mef2a are involved in regulation of transcription and patterning, such as 
gli1, which is a regulator of Hedgehog signaling [52-54]. The predicted targets for miR-
365 (Supplementary Table 4) were mainly related to protein handling processes, cell 
morphogenesis, transcription and embryo development, namely fzd8a, a Wnt signaling 
element [55]; neurod4, igf2a, igf2b and robo3a, which are regulators of nervous system 
development [56, 57]; numbl that regulates left/right symmetry establishment [58], and 
smo an important factor in Hedgehog signaling [59]. The expression pattern of miR-
2195 and miR-145 suggests that they represent a generalized inductive response to 
proteotoxic stress. Putative target analysis for these miRNAs (Table 3.1, Table 3.2) 
shows that the main processes where they are involved are transcription, cellular and 
development processes, and angiogenesis. Interestingly, furina which is involved in 
craniofacial development [60], the transcriptional factor foxc1 that participates in vessel 




morphogenesis and somitogenesis [61, 62] and nlk1 and nlk2, Wnt co-activators, are 
putative targets for miR-2195 (Table 3.1). As for miR-145, possible targets (Table 3.2) 
were notch component dll4, which is related to angiogenesis [63], unc5b that 
participates in axon guidance processes [64] and plxna4 a regulator of embryonic brain 
development [65]. Finally, the rbpja, a co-activator of notch signaling target hairy and 
Enhancer of split genes, was retrieved as a miR-145 potential target [66].  
 
Table 3.1. Putative targets of miR-2195. 
miRNA targets were identified with the Eimmo (MirZ), miRBASE Targets and TargetScan Fish 
databases. The computational targets were considered when they were retrieved from at least 
two of the algorithms. GO terms were identified using DAVID database and manually curated 
to remove redundant terms. 
miR-2195 
Target GO Term – Biological Process 
celsr3, itgb1b.1 Cell adhesion  
sept6, sesn3, chek1 Cell cycle 
dvl2 Cell migration, embryonic morphogenesis  
olfm1b Cell morphogenesis, neuron differentiation,  
cxcr3.1, oprd1a Cell surface receptor linked signal transduction  
hdac9b Chromatin organization, transcription 
ogdh Citrate cycle (TCA cycle), Lysine degradation, Tryptophan metabolism, 
zgc:162576 Cytoskeleton organization  
ppm1e Dephosphorylation 
pik3r2 Erbb signaling pathway, mtor signaling pathway, Apoptosis, VEGF signaling pathway  
sc5dl Fatty acid metabolic process, oxidation reduction 
fads2 Generation of precursor metabolites and energy oxidation reduction 
cnih2, net1 Intracellular signaling cascade 
dot1l Lysine degradation 
cacna1ab MAPK signaling pathway, Calcium signaling pathway,
dhrs13 Oxidation reduction 
st6gal1 Protein amino acid glycosylation  
adrm1b Protein complex assembly  
tgfbr1a, nlk1, nlk2 Protein modification process, phosphorylation  
ube2e3 Proteolysis  
otud5a RIG-I-like receptor signaling pathway  
nxf1 RNA localization 
furina Skeletal system development, proteolysis, cartilage development 
foxc1a Somitogenesis , regulation of transcription  
si:dkeyp-27e10.3, atf7b, mta3, runx2a, crsp7, 
rxrba, srebf1, nr3c2 Transcription, regulation of transcription 





Table 3.2. Putative targets of miR-145. 
miRNA targets were identified with the Eimmo (MirZ), miRBASE Targets and TargetScan Fish 
databases. The computational targets were considered when they were retrieved from at least 
two of the algorithms. GO terms were identified using DAVID database and manually curated 
to remove redundant terms. 
miR-145 
Target GO Term –Biological Process 
snx14 Cell communication  
dll4, unc5b, hspa12b, fli1a, rbpja Angiogenesis  
loc554469 Cell cycle, regulation of transcription  
plxna4, sema3aa, tfap2a Cell morphogenesis,  nervous system development  
cib2, zgc:158263 Cell surface receptor linked signal transduction  
atoh7, sox2, pax6b Eye development, transcription, multicellular organismal development 
hs3st1 Heparan sulfate biosynthesis 
tlr3 Immune system process,  Toll-like receptor signaling pathway 
slc30a7 Ion transport  
cd63 Lysosome 
zgc:114200 Metabolic process, gene expression,  Notch signaling pathway 
pgd, cyp1a, mtmr6, lpl, chka, psat1, gys2, 
st6galnac5,  hmgcra Metabolism 
eef2k Mitotic cell cycle, mitotic spindle organization 
clptm1, spata18, skib, fgf24, msxd, dmd Multicellular organismal development, cell differentiation  
pnrc2 Nuclear-transcribed mrna catabolic process, nonsense-mediated decay, transcription,  
sod1 Oxygen and reactive oxygen species metabolic process  
zic2a Pattern specification process, nervous system development ,  Hedgehog signaling pathway 
si:dkey-121j17.5, src, grk1a Phosphorylation,  protein modification process 
ptk2.1 
Protein complex assembly,  erbb signaling pathway, 
VEGF signaling pathway, Regulation of actin 
cytoskeleton 
calrl2 Protein folding, protein metabolic process  
ptp4a1, opn1lw2 Protein modification process,  dephosphorylation  
mbtps1, cul1b, ube4b, pias2 Proteolysis  
sppl3 Regulation of apoptosis  
carhsp1, irx6a, mta2, pou2f1b, si:dkey-
109n11.1, gata6, med25, nr2f1a, sox19a Transcription, regulation of transcription 
mknk2b Regulation of translation, response to stress, MAPK signaling pathway  
apex1 Response to DNA damage stimulus,  regulation of apoptosis, Base excision repair 
xrn2 RNA degradation 
hnrpl, utp15 RNA processing 
rhpn2, arrb1 Signal transduction  
vcanb Skeletal system development, ossification, multicellular organismal development,  
mrrf Translation 
ergic3, rh50, ttpa, apoeb, chrne Transport  
slc25a14 Transport, mitochondrial transport  
aars Trna metabolic process,  Aminoacyl-trna biosynthesis 
wnt10a Wnt receptor signaling pathway, calcium modulating pathway, Hedgehog signaling pathway  
 




Proteotoxic stress repressed the expression of 11 miRNAs from which miR-27c 
and miR1-17* were coordinately deregulated by several mutant tRNAs; let-7g, miR-
732, miR-1 and miR-16b were the miRNAs most represed by the Ser-tRNACGCAla, Ser-
tRNACACVal and Ser-tRNACAGLeu, respectively. The predicted targets for miR-27c are 
related to cell cycle and cellular processes, development and patterning, transcription 
and apoptosis (Table 3.3). For instance, the apoptosis related putative targets were 
apaf1, fas, bad, dffb, and bcl2. the notch signaling factor axin1 was also a putative target 
of miR-27c. Putative targets for miR-17a* were not considered here since they were 
retrieved by one algorithm only. In the case of let-7g, which was the most repressed 
miRNA in Ser-tRNACGCAla embryos, the predicted preferential targets were essentially 
related to apoptosis, embryo and cell morphogenesis, development and transcription 
(Supplementary Table 5). The development related targets genes were nrarpa that 
articulates Notch and Wnt signaling during angiogenesis [67] and pbx2 which is 
essential for hindbrain patterning [68]. The putative targets of miR-732 (Supplementary 
Table 6), miR-16c (Supplementary Table 7) and miR-1 (Supplementary Table 8) were 
also related to embryo and cell morphogenesis, development and transcription. bad was 
again targeted, by miR-732, as were notch receptors fzd3 and fzd4, hedgehog factor smo 
and the transcription factor hey2 that are activated by Notch signaling. Furthermore, 
nrarpa, psen2, dla, dld were retrieved as miR-16c putative targets. These genes are 
regulators of Notch signaling and are involved in angiogenesis and neurogenesis [69, 
70]. Our target prediction for the miR-1 retrieved the previously validated targets 
arpc4l, pfn2l and copz1 mainly involved in actin binding and vesicular transport [15] 
and several genes involved in embryo segmentation and patterning, namely igf2b, igf2a, 





Table 3.3. Putative targets of mir 27c. 
miRNA targets were identified with the Eimmo (MirZ), miRBASE Targets and TargetScan Fish 
databases. The computational targets were considered when they were retrieved from at least 
two of the algorithms. GO terms were identified using DAVID database and manually curated 
to remove redundant terms. 
miR-27c 
Target GO Term –Biological Process 
tbx16, ptenb Angiogenesis 
apaf1, faz, bad, dffb, traf4b, bcl2 Apoptosis  
tpm1 Cardiac muscle contraction 
cdh11, cd36 Cell adhesion  
mlh1, sesn2, cth1 Cell cycle 
b4galt1 Cell motion  
zgc:152951 Cell redox homeostasis 
mc4r, gpr98 Cell surface receptor linked signal transduction  
setd1ba Chromatin organization 
snap25a Cytokinesis, cell division 
nfia, kbtbd5, dnase1l3l, DNA metabolic process  
disc1 Embryonic morphogenesis  
col2a1a, eya1 Embryonic organ development 
rdh5, atoh7, ctbp2, prkci Eye development 
cx43 Heart development , embryonic organ development  
dvl2 Hindbrain development ,  Wnt signaling pathway, Notch signaling pathway 
il22, zgc:136614, si:ch211-234p6.13 Immune response  
arl3l2, arl5a Intracellular signaling cascade  
nup50 Intracellular transport 
abcc9, cacng2a, trpc6, slc34a2a, slc25a28 Ion transport  
xdh, aanat1, pdss1, amt, psat1, sult1st3, nt5e, pla2g6, 
c1galt1c1, atic, atp13a Metabolism 
lhb Neuroactive ligand-receptor interaction, gnrh signaling pathway 
acadvl Oxidation reduction 
cygb2 Oxygen transport 
sox4b Pancreas development  
bmpr2a, aldh1a2, eng2a, bmpr1aa, bmpr1ab Pattern specification process 
prkcq, stk35, prkg1a, stk33, pdpk1b, axin1, ephb4a Phosphorylation 
fabp2 PPAR signaling pathway 
st3gal2l, st3gal5l, gyltl1b Protein amino acid glycosylation  
tuba7l, zgc:153426 Protein complex assembly  
cct7, hsp90b1 Protein folding 
malt1, usp2a, ubr5 Proteolysis 
zgc:63523 Regulation of cell shape  
bms1l Ribosome biogenesis 
ddx3 RIG-I-like receptor signaling pathway 
qk, rbm39b, dus1l, nxf1 RNA processing 
crsp7, vsx1, hoxc13a, pou3f3b, bhlhe40, hoxc11a, nr1i2, 
rfx2, rybpb, thrap6, nkx6.1, ef1, nkx1.2la, dbx2, foxd1, 
pknox2, sfmbt2, per3, tbpl2, isl1 
Transcription , regulation of transcription 
qrsl1, si:ch211-216l23.2, rps15a, mknk2b Translation 
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correlates with the amino exchange toxicity, for example the Ser-tRNACAGLeu mutant can 
be considered the most toxic of our mutants and this was the case that produced the highest 
numbers of deregulated genes. Accordingly, this mutant also has the highest number of 
enriched GO BP and KEGG terms (Figure 3.5B). A common response was observed in the 
different mistranslation situations. Indeed, the embryos expressing the Ser-tRNACGCAla, 
Ser-tRNAUCCGly, and the Ser-tRNACACVal shared 50, 50 and 53% of the deregulated genes 
with the embryos expressing the Ser-tRNACAGLeu, respectively (Figure 3.5C). 
Interestingly, a gene enrichment analysis (GO term biological processes) of the 
main deregulated clusters (Figure 3.6) showed down regulation of transport, oxidation-
reduction processes, regulation of transcription and cytoskeleton organization. For the 
highest levels of gene expression up-regulation were observed for regulation of 
transcription, DNA-dependent and oxidation-reduction processes and also proteolysis, 
apoptotic processes, dorsal/ventral pattern formation, phosphorylation, response to stress, 
























































In order to obtain a general and more representative overview of gene expression 
deregulation by mistranslation we carried out individual enrichment analysis of globally 
deregulated genes. A GO term (biological process - BP) enrichment analysis of all 
deregulated genes showed that mRNA mistranslation deregulates a wide variety of cellular 
and developmental processes (Table 3.4). At the cellular level, enriched BP terms were 
mainly regulation of transcription, phosphorylation, oxidation-reduction process, response 
to stress, cell differentiation, apoptosis and cell adhesion. In addition, development related 
terms, namely somitogenesis, determination of left/right symmetry, cartilage development, 
pattern specification process and heart morphogenesis were also enriched. After the 
application of a 1.5 fold cut off of the gene expression data we performed a similar 
analysis for KEGG terms and obtained enrichment of protein processing in the 
endoplasmic reticulum, Wnt signaling pathway, Hedgehog signaling pathway, VEGF 















Table 3.4. General overview of enriched GO terms for mistranslation conditions. 
Individual globally deregulated gene sets were analyzed with GeneCodis 3.0 using a 
hypergeometric test. Selected GO terms have a p value lower than 10-3 and redundant terms 
were removed manually. 

















regulation of transcription, DNA-
dependent 913 3E-04 24 2E-11 62 3E-35 145 3E-35 145 
multicellular organismal 
development 437 4E-02 10 9E-04 26 9E-20 75 9E-20 75 
transport 625 3E-03 17 4E-06 39 3E-19 91 3E-19 91 
phosphorylation 431 5E-02 9 9E-04 26 3E-13 63 3E-13 63 
proteolysis 319 3E-03 12 5E-14 38 9E-13 52 9E-13 52 
oxidation-reduction process 456   3E-16 49 1E-11 62 1E-11 62 
somitogenesis 66     2E-10 21 2E-10 21 
carbohydrate metabolic process 94 3E-02 4 8E-09 17 8E-10 24 8E-10 24 
determination of left/right 
symmetry 72     8E-09 20 8E-09 20 
response to chemical stimulus 61   1E-02 7 2E-08 18 2E-08 18 
protein phosphorylation 383     7E-08 48 7E-08 48 
lipid metabolic process 76   2E-05 12 1E-07 19 1E-07 19 
small GTPase mediated signal 
transduction 170 4E-03 8 7E-03 13 6E-07 28 6E-07 28 
transmembrane transport 264     8E-07 36 8E-07 36 
response to stress 53     9E-07 15 9E-07 15 
cell differentiation 109 3E-02 5   2E-06 21 2E-06 21 
melanocyte differentiation 19     4E-06 9 4E-06 9 
cartilage development 60   3E-03 8 3E-05 14 3E-05 14 
positive regulation of apoptotic 
process 30 4E-03 4   3E-05 10 3E-05 10 
embryonic heart tube 
development 38     4E-05 11 4E-05 11 
dorsal/ventral pattern formation 71     4E-05 15 4E-05 15 
anterior/posterior pattern 
specification 55     5E-05 13 5E-05 13 
ion transport 193 2E-02 7 5E-02 11 6E-05 26 6E-05 26 
regulation of sequence-specific 
DNA binding transcription factor 
activity 
41   1E-02 6 8E-05 11 8E-05 11 
mesoderm development 15     9E-05 7 9E-05 7 
apoptotic process 61   1E-02 7 2E-04 13 2E-04 13 
cell adhesion 171   3E-02 11 6E-04 22 6E-04 22 
sympathetic nervous system 
development 5   4E-02 2 6E-04 4 6E-04 4 
pattern specification process 35   9E-04 7 7E-04 9 7E-04 9 





Table 3.5. General overview of enriched KEGG pathways for mistranslation conditions. 
Individual globally deregulated gene sets were analyzed with GeneCodis 2.0 using a 
hypergeometric test. KEGG pathways were selected for p values lower than 10-4 or if they were 
present in at least two conditions. Redundant terms were removed manually. Pathway 
enrichment was done using the database GeneCodis 2.0 using a hypergeometric test. 


















Regulation of actin cytoskeleton 209 15 3E-04 12 3E-02 30 5E-08 
Focal adhesion 194 12 4E-03 14 8E-03 25 3E-06 
Fructose and mannose metabolism 44 4 4E-02  12 3E-06 
Insulin signaling pathway 142 10 4E-03 21 4E-06 







Tight junction 140 8 3E-02 11 1E-02 20 7E-06 
Protein processing in endoplasmic reticulum 157   21 4E-08 21 9E-06 
Lysosome 121 17 3E-08 13 4E-04 18 1E-05 
Wnt signaling pathway 162 11 2E-02 21 1E-05 
Pentose phosphate pathway 31 7 4E-05 3E-02 9 2E-05 
Hedgehog signaling pathway 62 12 3E-05 
Glycolysis / Gluconeogenesis 64 10 1E-05 12 4E-05 
ECM-receptor interaction 59 11 1E-04 
Starch and sucrose metabolism 35 8 4E-04 
Adherens junction 82 7 2E-02 12 5E-04 
Phagosome 125 9 5E-03 15 6E-04 
TGF-beta signaling pathway 86 6 3E-02 8 1E-02 12 7E-04 
Sphingolipid metabolism 48 7 5E-04 8 3E-03 
VEGF signaling pathway 75 7 2E-02 10 3E-03 
Drug metabolism - cytochrome P450 29 4 1E-02  
6 4E-03 
Nitrogen metabolism 20 4 1E-02 5 4E-03 




8 2E-05 6 5E-03 6 9E-03 
Arginine and proline metabolism 64 10 1E-05 6 3E-02 8 1E-02 
Phosphatidylinositol signaling system 66 6 3E-02 8 1E-02 
Purine metabolism 158 11 3E-03 13 3E-02 
PPAR signaling pathway 61 6 7E-03 7 3E-02 
Apoptosis 85 8 1E-02 8 5E-02 
Valine, leucine and isoleucine degradation 46   8 5E-05 5 3E-02   
Pyruvate metabolism 37 6 9E-04 
Endocytosis 225 7 4E-03 12 9E-03 14 1E-02   
p53 signaling pathway 61 10 1E-04 
 
With this reduced dataset we repeated the BP terms enrichment in order to obtain 
an overview of the more severe gene expression deregulation by mRNA mistranslation 
conditions. Focusing on development related terms (Figure 3.7. Development related BP 
terms enrichment analysis., Supplementary Tables 9-12). The enrichment analysis showed 








































































































































apoptotic pathway, namely tnfrsfa, tnfsf10l, fas and casp8 were upregulated [74]. tnfrsfa 
and fas are death receptors and both were induced in embryos expressing the Ser-
tRNACAGLeu by 2 and 4 fold, respectively. tnfrsfa was induced 2 fold in embryos 
expressing the Ser-tRNACGCAla and fas was induced 3.2 fold by the expression of Ser-
tRNACACVal. The death ligand tnfsf10l was upregulated 4 and 3.5 fold in embryos 
expressing the Ser-tRNAUCCGly and Ser-tRNACAGLeu, respectively. casp8 was induced 
2.4 and 2.6 fold in embryos expressing the Ser-tRNACGCAla and the Ser-tRNACACVal. 
The extrinsic apoptosis pathway is an important regulator of the immune system, at least 
in mammals. However, this pathway is activated under liver damage by ethanol toxicity 
and neuropathological processes, and is also involved in the establishment of 
hematopoietic cell lineages [75, 76]. Bcl-2 family members are major regulators of 
apoptosis and several of these factors were upregulated by proteotoxic stress, namely 
bcl2l, bbc3, bad, baxa, bnip3l, bmf1, boka, other apoptosis related genes, such as xiap, 
bag3, tp53, tp63, zgc:158776/diablo, perp, mdm2 [75] were also deregulated. The pro-
survival bcl2l was upregulated 2 and 2.8 fold by Ser-tRNACACVal and Ser-tRNACAGLeu. 
The pro-apoptotic bbc3 was induced 2.9 fold by Ser-tRNACAGLeu, and pro-apoptptic bad 
and 2.2 and 2 fold induced by Ser-tRNACACVal and Ser-tRNACAGLeu. baxa was induced 
in the embryos expressing the Ser-tRNACGCAla, the Ser-tRNACACVal and the Ser-
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expression of the Ser-tRNAUCCGly, casp6 and 9 were 4 and 1.9 fold induced by the Ser-
tRNACAGLeu, respectively. Tp53 and Tp63, which are important regulators of the ER 
stress induced apoptosis [79-81], showed also deregulation. tp53 was induced 1.8 and 2 
fold in Ser-tRNACGCAla and Ser-tRNACACVal conditions, whereas tp63 was 1.9 and 1.6 
induced by the Ser-tRNAUCCGly and Ser-tRNACAGLeu.  
 
3.4.6. Apoptotic pathways are activated by proteotoxic stress 
The apoptotic stimuli are integrated in two signaling pathways, namely the 
intrinsic and extrinsic and contribute to tissue homeostasis and embryo development. 
Therefore, the phenotypes observed in zebrafish embryos expressing the mutant Serine 
tRNAs and the deregulation at the gene expression level of apoptotic factors prompted 
us to study the activation of apoptosis in response to proteotoxic stress. For this, we 
performed staining of apoptotic cells with acridine orange, which revealed a sharp 
increase in cell death for the embryos expressing the Ser-tRNACGCAla (50%), Ser-
tRNAUCCGly (460%), Ser-tRNACACVal (390%) and Ser-tRNACAGLeu (540%) mutants 
(Figure 3.9A). The pattern of apoptotic activation correlates with the results previously 
described in chapter two, in assays to determine the activation of stress responses; 
increased proteotoxic stress lead to increased apoptosis levels especially in embryos 
expressing Ser-tRNAUCCGly, Ser-tRNACACVal and Ser-tRNACAGLeu. We further 
investigated several components of apoptotic cascades, namely the activity of caspases 
8, 9, and 3-7 (Figure 3.9B-D). The data shows activation of the caspases 8, 9, and 3-7, 
particularly in embryos expressing Ser-tRNAUCCGly, Ser-tRNACACVal and Ser-
tRNACAGLeu. Activation levels for caspase 8 and caspases 3/7 where the highest for the 
Ser-tRNACAGLeu mutant, whereas for caspase 9, the activation levels were similar for 

























































































































































































3.4.7. Proteotoxic stress deregulates genes associated with Hedgehog, Wnt 
and Notch signaling 
Proteotoxic stress deregulated several groups of genes involved in embryo 
development. Components of the signaling pathways Hedgehog, Wnt and Notch (Figure 
3.8B, supplementary table 18) were deregulated. Hedgehog signaling pathway was 
affected at various levels. Indeed, several components of this signaling pathway were 
upregulated by the Ser-tRNACAGLeu. Core components, such as Hedgehog ligand shha, 
the gli transcription factor gli2a, and the pathway inhibitors fbxw11a, csnk1db and sufu 
were induced by 1.8, 1.7, 2.8, 1.5 and 1.7 fold, respectively. Various Wnt ligands and 
one of the frizzled receptors were u- regulated, namely wnt1, wnt10a, wnt16, wnt4a, 
wnt8a and fzd8b. However, several downstream negative regulators of this signaling 
pathway showed also up regulation, namely axin1, klhl12, nkd1, nkd2a and wif1. Axin1 
integrates the complex that phosphorylates β-catenin thus inhibiting Wnt signaling, and 
regulates embryo axis formation [83]. This factor was induced by 1.5 fold by both Ser-
tRNACACVal and Ser-tRNACAGLeu. klhl12 was 1.5 fold induced by the Ser-tRNACACVal. 
nkd1 was induced by the Ser-tRNACACVal and Ser-tRNACAGLeu 1.9 and 1.7 fold 
respectively, in the case of nkd2a induction was 1.6 and 1.5 in response to the Ser-
tRNAUCCGly and Ser-tRNACAGLeu, respectively. These two factors reduce Wnt signaling 
levels by modulating β-catenin levels [84, 85]. Wif1 is a Wnt signaling antagonist since 
it binds Wnt proteins preventing them from interacting with their receptors [86], it 
showed 1.8 and 1.7 fold induction by the Ser-tRNACACVal and Ser-tRNACAGLeu, 
respectively. Notch signaling pathway elements were also coordinately deregulated by 
proteotoxic stress. The receptor notch2 was induced 2.1, 2 and 1.9 fold by the Ser-
tRNAUCCGly, Ser-tRNACACVal and Ser-tRNACAGLeu, respectively. The canonical Notch 
activators asb11, mib and psen2 [69, 87, 88] were induced as well; asb11was induced 




1.8 and 2 fold by Ser-tRNACACVal and Ser-tRNACAGLeu, mib was induced 1.5 fold by the 
Ser-tRNACAGLeu, and finally psen2 was induced by Ser-tRNAUCCGly and Ser-
tRNACAGLeu 3.5 and 2.9 fold, respectively. The genes dlb and otud7b were upregulated 
1.6 and 3.3 fold in the Ser-tRNACAGLeu. Not only components of this signaling pathway 
were induced, indeed transcriptional targets were also upregulated by proteotoxic stress; 
namely, her1, her7, her11, her12, hey2, nrarpa and rras. Most of these activated targets 
regulate embryonic processes such as somitogenesis, patterning and angiogenesis [66, 
67, 89]. The deregulation of these pathways showed significant term enrichment 
suggesting that the phenotypic aspects of proteotoxic stress on zebrafish development 
may be related to the deregulated signaling of these developmental pathways. 
 
3.4.8. Putative targets of the deregulated miRNAs are deregulated at the 
gene expression level 
Alterations in miRNA levels can affect the levels of expression of hundreds of 
different proteins, and albeit the fact that miRNAs repression can occur without detectable 
alteration in mRNA levels, in situations of more severe translational silencing mRNA 
levels can also be destabilized [90]. Interestingly, a miRNA targeting site enrichment 
analysis of the highly deregulated genes clusters (Figure 3.6, Supplementary Table 19) 
correlated with the most differentially expressed genes both down and upregulated. The set 
of down deregulated genes are enriched for the binding of miR-145, miR-150, miR155 and 
miR-196a. Furthermore, highly upregulated genes were also enriched for the deregulated 
miRNAs, namely miR-27b, miR-10b, miR-27c, miR-17a*, miR-203b, miR-216b, miR-
16b, miR-1, miR-732, miR-16c, let-7g. Moreover, several putative targets of deregulated 
miRNAs were deregulated at the gene expression level and these were mainly deregulated 




extensive putative target deregulation at the gene expression level (Supplementary Table 
20). The embryos expressing Ser-tRNACAGLeu had extensive gene expression deregulation 
that reflected the apoptotic state and phenotypic aspects of the mutant embryos. In 
agreement with this, our data show that deregulation of miRNA may affect some of its 
putative targets that participate in developmental signaling and apoptosis. We observed 
silencing of tspan12 which is involved in vascularization of the retina and 
nonamyloidogenic proteolysis of APP [91, 92], of hic1 which is a tumor suppressor [93], 
of plxna4 which is a regulator of axon branching and patterning in brain development and 
Notch factors otud7b which are putative targets of miR-145 and dbx1a [94, 95] which is a 
putative target of mir-2195. Silenced miRNA expression may also be responsible for the 
increased gene expression levels of several putative targets (Table 3.6) namely Notch 
signaling component axin1, apoptosis related factors bad and fas, endoplasmic reticulum 
chaperone hsp90b1/grp98 and transcription factors, such as hoxc11a, rfx2, foxd1 and ef1 
are putative targets of miR-27c. Up-regulated putative targets of miR-1 were the ER co-
chaperones dnajc3 and zgc:56419/serp1, the transcription factors her7 and hoxa39, the and 
the actin binding pfn2l, cnn3a, cnn3b, cnn2, pdlim1 and sec23b [15]. Finally, we also 
detected several putative targets of miR-16c that were induced at the gene expression level. 
In particular these were sox32 and vox which are involved in embryo development [96, 
97]; psen2 that regulate Notch signaling [69], fgf8a which is involved in heart and forelimb 
development; and also transcription factors such as hoxc11a and hoxa3a. Globally, this 
group of deregulated putative miRNA targets includes several factors that can participate 
in embryo development and apoptosis, among other processes, showing that expression 
reprograming is present during proteotoxic stress. 
 




Table 3.6. Putative targets deregulated by proteotoxic stress. 
From the group of putative targets we determined for the deregulated miRNAs, we 
obtained a group of genes deregulated at the gene expression level in the Ser-
tRNACAGLeu mutant embryos. 
MiRNA Genes deregulated in Leu 
miR-2195 tspan12, zgc:85746, gpib, ckmb, dbx1a, si:ch211-250g4.1, phactr4, zgc:56304 
miR-145 tspan12, otud7b, zgc:112300, chrne, plxna4, mta2, hic1, zgc:158268, rtn1b, ppox, zgc:92710, pnrc2 
miR-150 tspan12, zgc:165525, vat1, tubb5, sod2, zgc:158268, cav3, efr3a, 
miR-27c 
cd36, arl3l2, faz, mknk2b, oat, sesn2, zfand5a, sult1st3, hsp90b1, rfx2, 
hoxc11a, klf11b, bad, si:ch211-216l23.2, cth1, amt, rbm39b, fabp2, 
st3gal2l, nxf1, foxd1, ef1, axin1, gpr98, rybpb, stk33, thrap6, malt1, 
qk 
miR-1 
bhmt, paics, dnajc3, zgc:153896, her7, vtg3, snx14, anxa4, 
zgc:136871, hoxa3a, pdlim1, entpd1, kctd10, pax2a, mcfd2, cd63, 
dhrs1, zgc:56419, tagln2, zgc:112263, rpia, gnl1, tbp, pfn2l, cnn3a, 
cnn3b, cnn2, pdlim1, sec23b
miR-16c 
pc, mknk2b, sox32, slc26a5, glud1a, vox, ptges, psen2, sybl1, fn1b, 
klf11a, sec23b, hoxc11a, hoxa3a, snx4, zgc:158263, fgf8a, myoc, nxf1, 








Our data show that proteotoxic stress affects zebrafish early development 
leading to severely malformed embryos, with poorly developed head and caudal regions 
accompanied by low survival rates. We observed that deregulated proteostasis has an 
impact on miRNA expression and our work suggests that miRNAs are important 
mediators. The general miRNA expression profile demonstrates that stress differentially 
deregulates specific miRNAs, however some miRNAs are coordinately deregulated by 
stress. MiR-190b was the most upregulated miRNA by Ser-tRNACGCAla; miR-365 was 
highly induced by Ser-tRNAUCCGly; miR-2195 was highly induced by Ser-tRNACACVal 
and Ser-tRNACAGLeu, and miR-145 showed high up-regulation in embryos expressing 
the four misreading tRNAs. Mistranslation also downregulated some miRNAs. We were 
able to detect miRNAs coordinately deregulated by the four tRNAs and miRNAs that 
were deregulated in a tRNA specific manner. Let-7g was the most repressed miRNA in 
the  Ser-tRNACGCAla embryos, miR-732 was also highly repressed by Ser-tRNACACVal, 
and miR-16c and miR-1 were the most downregulated by the Ser-tRNACAGLeu mutant. 
Finally, miR-27c was coordinately repressed by three of the mutant tRNAs, namely the 
mutants Ser-tRNAUCCGly, Ser-tRNACACVal and Ser-tRNACAGLeu. The putative targets of 
the deregulated miRNAs belong mainly to protein handling processes, cell cycle and 
morphogenesis, apoptosis, transcription and embryo development such as nervous 
system development, somitogenesis, patterning and angiogenesis.  
Interestingly, our mRNA profiling results show that proteotoxic stress in 
zebrafish embryos activates apoptosis at the levels of death receptors, of caspases and of 
the Bcl-2 family, unveiling the potential activation of mitochondrial apoptosis 
dependent on ER. The latter is mediated by Bbc3/Puma, a known ER stress signal 




adaptor that mediates the apoptotic signal from the ER to the mitochondria [79, 80, 98]. 
We have observed that proteotoxic stress coordinately activates the apoptotic pathways, 
which may partially be responsible for abnormal developmental patterns and low 
survival. Apoptosis plays an important role during organogenesis because this process 
shapes tissue and organ size and morphology by precisely removing unnecessary cells 
[99]. The activation of extrinsic cell death is of particular interest considering 
embryonic development, since zebrafish extrinsic pathway mediators are present in 
several tissues including the developing central nervous system [75]. Therefore, our 
data suggests that apoptosis is adjusting to balance the effects of aberrant polypeptides 
being produced as a result of the expression of mutant tRNAs. Given, the important role 
of apoptosis on developmental progression this deregulation in apoptosis can interfere 
with developmental and embryo shaping processes. Our gene expression profiling also 
indicates that deficient embryos morphogenesis under proteotoxic stress conditions 
happens through the deregulation, at the gene expression level, of several 
developmental signaling pathways, namely Hh, Wnt and Notch signaling. Signaling by 
Hh, Wnt and Notch family proteins plays a fundamental role in the development of 
vertebrates, since they regulate both cell fate specification and cell proliferation. These 
are pleiotropic pathways crucial to cell-cell communication, cell fate diversification, 
development and cell maintenance [100-102]. Hh and Notch signaling pathways are 
pivotal during embryo development by regulating spinal cord patterning and neural 
development; the Notch pathway is also involved in vascular development [103, 104]. 
Hh helps patterning the ventral spinal cord through the activation of Gli transcription 
factors. Importantly, Hh ligands are expressed in many vertebrate tissues, such as the 
developing central and peripheral nervous system and, several epithelia tissues, 




stimulation, cellular proliferation and differentiation. This pathway helps to establish 
cell and organism polarity through signaling gradients. The Wnt signals are pleiotropic 
and can activate three pathways, the best understood is the Wnt/β-catenin or canonical 
pathway [100, 105, 106]. Deregulation at the gene expression level of Hh signaling, 
namely fbxw11a, csnk1db and sufu, suggests that deregulated silencing occured. Wnt 
signaling was also affected, since we found several upregulated genes belonging to this 
pathway. Several ligands and also negative regulators such as, wif1, nkd1, nkd2a, 
indicating that this pathway may be silenced to some extent. In the case of Notch 
signaling, up regulation of positive regulators, namely psen2, asb11 and mib points 
towards sustained activation of this signaling pathway [69, 88]. During development 
Wnt and Notch pathways have opposing effects promoting growth and repressing neural 
development, respectively. Concerted deregulation of developmental gene programming 
suggests a reduction in cellular identity establishment and tissue differentiation that 
correlates with the phenotypes that we observed at 24hfp, as embryos showed 
developmental delay and several undeveloped body regions and in some cases loss of 
body symmetry. 
Our model of proteotoxic stress is a potent ROS and oxidative stress generator; 
and our previous work showed that oxidative damages to the DNA accumulate under 
mRNA mistranslation. In addition, oxidative stress also contributes to the phenotypic 
aspects of proteotoxic stress in zebrafish. Indeed, ROS scavengers were able to 
ameliorate embryos survival and malformations. Upon accumulation of DNA damage, 
p53 modulates miR-145 processing to modulate cell proliferation and apoptosis [107]. 
Therefore, in zebrafish embryos it is most likely that oxidative DNA damage drives 
miR-145 processing. MiR-145 and miR-2195 mainly potentialy target genes involved in 
angiogenesis, cell cycle and differentiation, embryo development and transcription 




regulation. The genes furina, foxc1, nlk1, nlk2, dll4, unc5b, rbpja, plxna4, nr2f1a, 
otud7b, dbx1a and arl13b were established as putative targets and can be associated 
with the phenotypic alterations displayed by the embryos expressing the mutants tRNAs 
since these genes are involved in several embryonic developmental processes. Given the 
importance of miR-1 in zebrafish muscle tissue development, regulating sarcomeric 
actin organization at the gene expression level, down regulation of this particular 
miRNA indicates that sarcomere disorganization can be one of the aspects that shape 
the observed morphological alterations in Ser-tRNACAGLeu mutants. This suggests that 
the inhibition of this miRNA may stand as an important effector of proteotoxic stress in 
zebrafish embryos. Moreover, we hypothesize that repression of miR-27c probably 
alleviates silencing of fundamental genes involved in ER stress, namely hsp90b1/grp98, 
fas, bad, dffb, and bcl2, as observed by target prediction and microarray data. The ER 
stress response is the primary adaptive mechanism that alleviates ER stress by 
increasing the protein folding capacity while reducing the influx of nascent polypeptides 
into the ER through attenuated protein synthesis levels. However, under prolonged 
stress when the ER folding capacity is overwhelmed apoptosis is activated. Therefore, 
reduced levels of miR-27c may facilitate apoptotic progression in mistranslating 
zebrafish embryos. Several studies have shown that ER-stress intervenes in miRNA 
regulation through factors such as, XBP1 and IREα, our data expands this notion of 
proteotoxic stress responsive miRNAs that may facilitate apoptosis activation. 
In conclusion, proteotoxic stress impacts embryo development through the 
deregulation of miRNA expression. The miRNA deregulation signature includes miR-
2195, miR-145, miR27c, miR-1 and is very relevant in a developmental background as 
several putative targets are related to developmental signaling pathways. Since these 




zebrafish in adult stages as well [17, 34, 108]. Therefore, our approach is a potent 
apoptosis activator that can be used to study early vertebrate development and tissue 
differentiation in a stressful background. And, given the impact of proteotoxic stress on 
miRNA regulation during zebrafish development, our methodology should help tackle 
the biology of miRNA biogenesis and processing driven by proteome destabilization 
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Supplementary Table 2. Log2 fold change of miRNAs deregulated by proteotoxic stress. 
MiRNAs deregulated by proteotoxic stress. MiRNA were considered deregulated fold change 
higher than 1.5 and lower than -1.5. Displayed results are Log2 fold change values. 
 ALA GLY VAL LEU 
miR-365  20.00   
miR-190b 10.38    
miR-2195   15.53 40.03 
miR-145 4.63 13.00 19.48 12.67 
miR-101b   9.49  
miR-196ª 4.78 2.66   
miR-130ª 4.17  5.24  
miR-155 4.27  4.11  
miR-30c  3.73 4.11  
miR-726   4.04  
miR-301b   3.77  
miR-190   3.65  
miR-150 3.50 2.10  1.65 
miR-457b 3.31    
miR-200b   2.99  
miR-18b  2.90   
miR-133c   2.82  
miR-135b  2.41   
miR-144 2.38    
miR-27a    2.28 
miR-1388 2.26  2.13  
miR-153a 2.26  1.65  
miR-26a 2.18    
miR-206   2.07  
miR-152 2.05    
miR-454b    2.04 
let-7h  1.73   
miR-10b  1.70   
mir-222b    1.64 
miR-15a*   1.64 1.61 
miR-27b -1.96   -1.79 
miR-10b   -1.75  
miR-27c  -2.25 -1.91 -2.01 
miR-17a* -2.45  -2.72 -2.22 
miR-203b -2.97    
miR-216b   -3.37  
miR-16b   -3.68  
miR-1    -3.85 
miR-732   -4.55  
miR-16c    -6.33 





Supplementary Table 3. Putative targets of miR-190b. miRNA targets were identified with 
the Eimmo (MirZ), miRBASE Targets and TargetScan Fish databases. The computational 
targets were considered when they were retrieved from at least two of the algorithms. GO terms 
were identified using DAVID database and manually curated to remove redundant terms. 
miR-190b 
Target GO Term –Biological Process 
pycard Apoptosis 
mad1l1, sept2 Cell cycle 
grin1b Ion transport, calcium signaling pathway neuroactive ligand-receptor interaction 
ncbp2 RNA processing, spliceosome 
gli1, pou4f3, mef2a, fezf1 Transcription 























Supplementary Table 4. Putative targets of miR-365. miRNA targets were identified with the 
Eimmo (MirZ), miRBASE Targets and TargetScan Fish databases. The computational targets 
were considered when they were retrieved from at least two of the algorithms. GO terms were 
identified using DAVID database and manually curated to remove redundant terms. 
miR-365 
Target GO Term –Biological Process 
slc7a3 Amino acid transport  
fli1a Blood vessel development, regulation of transcription 
cldn10 Cell adhesion molecules (cams), Tight junction 
cxcl12a, kif1b, erbb3b Cell morphogenesis  
oprd1b, tgfb3 Cell surface receptor linked signal transduction 
fzd8a Cell surface receptor linked signal transduction, Wnt signaling pathway, Melanogenesis 
si:ch211-15p9.2 Dephosphorylation 
rag2 DNA metabolic process  
dnmt4 DNA methylation, Cysteine and methionine metabolism 
zgc:66475 DNA repair, cellular response to stress, 
neurod4 Embryonic morphogenesis, regulation of nervous system development  
pik3r3 Erbb signaling pathway, mtor signaling pathway, Apoptosis, VEGF signaling pathway  
arl3l1, zgc:63637,rhogb Intracellular signaling cascade 
clic1, clica, kcnj13 Ion transport 
zgc:114174 Macromolecule catabolic process  
eif4g2b Mesoderm development 
cdipt, adkb, agpat4, ggps1 Metabolism  
slc15a2 Oligopeptide transport, peptide transport 
numbl, robo3 Pattern specification process 
pdgfra limk2 Phosphorylation  
st3gal2l, st6galnac3 Protein amino acid glycosylation 
ppif Protein folding 
xpo4, vps26b, srp72 Protein localization  
sec22bb Protein localization, SNARE interactions in vesicular transport 
mtx1b, mtx3 Protein targeting to mitochondrion  
hectd1 Proteolysis, protein ubiquitination 
atp13a Purine nucleotide biosynthetic process 
adarb1 RNA processing 
mbtps2, smo Skeletal system development  
igf2a, igf2b Somitogenesis 
maf1, pax9, taf6, sox21a, irf7, hoxc3a, mafba, 






Supplementary Table 5. Putative targets of let-7g. miRNA targets were identified with the 
Eimmo (MirZ), miRBASE Targets and TargetScan Fish databases. The computational targets 
were considered when they were retrieved from at least two of the algorithms. GO terms were 
identified using DAVID database and manually curated to remove redundant terms. 
let-7g 
Target GO Term –Biological Process 
zgc:77651  Acyl-coa metabolic process , coenzyme metabolic process, cofactor metabolic process 
lbr  Ameboidal cell migration cell motion  
zgc:153993, casp8l2, clu  Apoptosis,  cell death  
foxh1  Blood vessel development, regionalization, transcription, pattern specification process  
pbx1a  Cell morphogenesis, regulation of transcription, DNA-dependent  
drd2a  Cell surface receptor linked signal transduction  
gng5, zgc:110292  Chromatin organization, chromosome organization  
dclre1c, dnmt7, pold1  DNA metabolic process  
dfna5  Embryonic morphogenesis  
pbx2  Eye development, regulation of transcription, DNA-dependent, muscle cell development,  
col1a1b  Focal adhesion  
tarbp2  Gene silencing  
atp2a2a  Heart morphogenesis, purine nucleotide metabolic proces , ion transport , Calcium signaling pathway 
zgc:114118  Intracellular signaling cascade  
slc25a22, grin1b, slc9a6a, rhag  Ion transport 
fgf6a  MAPK signaling pathway, Regulation of actin cytoskeleton 
pde10a, atp1b1b, atp2a2b, gatm, tpi1a, 
idh2, rdh10a  Metabolism 
paqr5b  Multicellular organism reproduction  
slc6a13, zgc:103663, stx3a  Neurotransmitter transport 
nrarpa  Notch signaling pathway,  
prdm1a, acvr1b, dzip1, nr6a1a  Pattern specification process  
prkcq, nek1, zgc:101572, zgc:113355, 
zgc:153997  Protein amino acid phosphorylation, phosphorylation 
fga  Protein complex assembly, blood coagulation  
wasla, waslb  Protein complex assembly, cytoskeleton organization 
fkbp11  Protein folding 
sar1a, stx7l, napa, trpc4apa, serac1  Protein localization, protein transport  
mtx1b  Protein targeting, protein targeting to mitochondrion  
fbxl14a  Protein ubiquitination  
capn3, usp44  Proteolysis 
col1a1a  Regulation of ossification 
igf2bp3  Regulation of translation 
ngb  Response to hypoxia  
lipf  Response to hypoxia  
zorba, rbm22, hspa8  RNA processing 
coe2, hoxa1a, sox19b, cebpd, pou2f1b, 
zgc:158291  Transcription, regulation of transcription  




Supplementary Table 6. Putative targets of miR-732. miRNA targets were identified with the 
Eimmo (MirZ), miRBASE Targets and TargetScan Fish databases. The computational targets 
were considered when they were retrieved from at least two of the algorithms. GO terms were 
identified using DAVID database and manually curated to remove redundant terms. 
miR-732 
Target GO Term –Biological Process 
ntn1a  Angiogenesis, pattern specification process 
bad  Apoptosis, VEGF signaling pathway  
arg2  Arginine and proline metabolism 
hey2  Blood vessel development, transcription, Notch signaling pathway  
itgb1a, ncam2  Cell adhesion 
fzd2  Cell morphogenesis, Wnt receptor signaling pathway, calcium modulating pathway,  pattern specification process 
fzd4  Cell surface receptor linked signal transduction, Wnt receptor signaling pathway 
tln1  Cytoskeleton organization  
cav3  Cytoskeleton organization, cell fate commitment, embryonic organ development  
lhx5  Eye development, transcription  




 Immune response 
rap2c, si:dkey-206f10.1  Intracellular signaling cascade  
sfxn1, clic5  Ion transport  
si:dkey-159a18.1  Lysosome 
map4k3  MAPK signaling pathway 
sepn1, noc3l  Muscle organ development 
aldh1a3, si:dkey-180p18.9, hmox1  Oxidation reduction 
ndufs1  Oxidative phosphorylation , oxidation reduction 
smo  Pattern specification process, embryonic organ development 
pxk, eif2ak1, tnika  Protein amino acid phosphorylation, phosphorylation 
tuba7l  Protein complex assembly  
ppif  Protein folding 
ipo9  Protein localization 
kpna4, bcap31, mrpl45  Protein localization, protein transport  
timm23  Protein targeting, protein targeting to mitochondrion  
zgc:112038, mdm2, fancl  Proteolysis 
plk4  Regulation of cell cycle process regulation of centrosome cycle  
extl3  Regulation of cell growth, 
vasa  Reproductive developmental process  
paqr8, cyp19a1a  Response to hormone stimulus  
dbr1  RNA processing 
hspa8  Spliceosome, MAPK signaling pathway, Endocytosis 
dhdds  Terpenoid backbone biosynthesis 
ar, rarga, edf1, barhl1.1, mycn, polr3e, 
th1l, onecut1  Transcription, regulation of transcrition 
eef1g  Translation  






Supplementary Table 7. Putative targets of miR-16c. miRNA targets were identified with the 
Eimmo (MirZ), miRBASE Targets and TargetScan Fish databases. The computational targets 
were considered when they were retrieved from at least two of the algorithms. GO terms were 
identified using DAVID database and manually curated to remove redundant terms. 
miR-16c 
Target GO Term –Biological Process 
sox32, ptges  Ameboidal cell migration regulation of transcription, DNA-dependent, pattern specification process  
ntn1a  Angiogenesis 
gfra1b  Autonomic nervous system development, enteric nervous system development 
spred1, flt1, ptenb  Blood vessel development  
btbd9  Cell adhesion  
sept6, anapc5, ccnb2, sesn1  Cell cycle 
clu  Cell death  
tnr, arl6  Cell morphogenesis  
cmklr1, zgc:158263  Cell surface receptor linked signal transduction  
tnfaip1, top2a, chaf1a, poll, rnaseh1  DNA metabolic process , DNA repair 
sec23b, mab21l2  Embryonic organ developmen, eye development  
sh3gl2  Endocytosis 
bmp5  Hedgehog signaling pathway TGF-beta signaling pathway 
zgc:123107, sptb  Immune response 
asb16,m spsb4a, arl4d  Intracellular signaling cascade 
kctd6, slc26a5, apol1  Ion transport 
fgf6a  MAPK signaling pathway, Regulation of actin cytoskeleton, 
sybl1, th, atp6v1b2, evla, pc  Metabolism 
nek8, zw10  Mitotic cell cycle  
cab39, pik3r3  Mtor signaling pathway  
pthlh  Multicellular organism reproduction, 
nrarpa, psen2, dla, dld  Notch signaling pathway  
tbxas1, glud1a  Oxidation reduction 
sox4b  Pancreas development  
fgf8a  Pattern specification process,  regulation of Wnt receptor signaling pathway,  
cpox, has3, cbsa, chka, hmgcs1  Protein amino acid phosphorylation , phosphorylation,  Cell cycle  
cdk2, stk33  Protein catabolic process, Proteasome 
psmc3  Protein complex assembly  
tube1, zgc:112335  Protein folding 
pfdn5, scamp2  Protein localization, protein transport  
illr4, usp25, usp2a, napa  Proteolysis 
ctsk  Regulation of cell death, regulation of apoptosis  
plrg1  Regulation of gtpase activity, regulation of Ras protein signal transduction  
tbc1d19  RIG-I-like receptor signaling pathway 
pl10  RNA processing  
zmat5, nxf1  Sensory organ development, neurological system process  
myo6b  Spliceosome 
crsp7, bhlhe40, hoxa3a, hoxc11a, 
sap30l, znf367, olig4, vox, cdc5l, tarbp2  Transcription , regulation of transcription 
nfat5  Transcription,  Wnt signaling pathway, VEGF signaling pathway  
sf3b5, smn1  Translation,  regulation of translation  
eif1b, eef1db, eef1da, etf1, mknk2b, 
slc25a33, zgc:73228  Transmembrane transport,  vesicle-mediated transport 
 




Supplementary Table 8. Putative targets of miR-1. miRNA targets were identified with the 
Eimmo (MirZ), miRBASE Targets and TargetScan Fish databases. The computational targets 
were considered when they were retrieved from at least two of the algorithms. GO terms were 
identified using DAVID database and manually curated to remove redundant terms. 
miR-1 
Target GO Term –Biological Process 
hs6st2  Angiogenesis, blood vessel development  
notch1b  Blood vessel development, Notch signaling pathway, 
calm1b, calm1a, calm2b, calm3a, calm3b  Calcium signaling pathway  
nrxn2a  Cell adhesion molecules (cams) 
nadl1.1, cxcl12a  Cell morphogenesis  
tagln2, pfn2l  Cell morphogenesis, cytoskeleton organization 
mtnr1c  Cell surface receptor linked signal transduction  
snap25a  Cytokinesis, cell division 
arpc4l  Cytoskeleton organization 
zgc:165555  DNA packaging, chromatin organization  
paics  Eye development, metabolism 
copz1  Eye development, protein localization  
hs3st3b1b  Glycosaminoglycan degradation, Heparan sulfate biosynthesis 
ak2  Immune system development  
asb4, arf1l, rabif  Intracellular signaling cascade 
slc40a1, slc39a13, kctd10  Ion transport 
vtg3  Lipid transport  
cd63  Lysosome 
rpia, atic, dpyd, ddost, alg8, arg2, azin1b, 
zgc:136871, entpd1, acat2, hccsa, nudt9, 
zgc:153896, ass1, bhmt, adh8b 
 Metabolism 
cbr1l, dhrs1, idh1  Oxidation reduction 
atp6v1c1a  Oxidative phosphorylation, proton transport  
ccng2  P53 signaling pathway 
bmpr2a  Pattern specification process 
bsk146, dyrk2, prkacab  Protein amino acid phosphorylation, phosphorylation 
tuba8l4  Protein complex assembly 
fkbp9  Protein folding 
ppih  Protein folding, Spliceosome 
m6pr  Protein targeting to lysosome 
zgc:136971  Proteolysis 
fancd2  Regulation of cell death, regulation of apoptosis  
eif5a  Regulation of translation 
amh  Reproductive developmental process, 
igf2b, igf2a, her7  Somitogenesis, pattern specification process  
hnrpkl  Spliceosome 
tbp, hoxa3a, hoxb2a, nr4a3, meis3, dlx2b, 
elk4, hsf2, cnot3a, pax2a  Transcription, regulation of transcription  
slc25a27  Transmembrane transport 





Supplementary Tables 9-12. Enriched GO Biological Processes (BP). Terms related to 
development in mistranslation mutants were obtained with GeneCodis v3.0. Genes in term 
refers the number of genes in the dataset that belong to the respective BP. Hyp_c refers to 
corrected p values obtained with the application of a hypergeometric test. 
 
9 - ALANINE GO Term BP development Genes in Term Hyp_c 
regulation of neuron apoptosis (BP) 2(147) 2.57E-02 
central nervous system development (BP) 5(147) 3.12E-02 
cartilage development (BP) 3(147) 3.99E-02 
positive regulation of cell differentiation (BP) 2(147) 4.08E-02 
 
 
10 - GLYCINE  GO Term BP development Genes in Term Hyp_c 
liver development (BP) 8(641) 5.72E-06 
morphogenesis of an epithelium (BP) 12(641) 1.77E-03 
cartilage development (BP) 8(641) 1.80E-03 
ameboidal cell migration (BP) 8(641) 8.40E-03 
pectoral fin development (BP) 5(641) 9.69E-03 
heart formation (BP) 2(641) 1.19E-02 
central nervous system development (BP) 13(641) 1.21E-02 
cell morphogenesis (BP) 10(641) 1.79E-02 
pancreas development (BP) 5(641) 2.14E-02 
hemopoiesis (BP) 7(641) 2.21E-02 
gastrulation (BP) 8(641) 3.21E-02 
determination of left/right symmetry (BP) 7(641) 3.23E-02 
digestive tract development (BP) 4(641) 3.23E-02 
11 - VALINE GO Term BP development Genes in Term Hyp_c 
cardiovascular system development (BP) 30(798) 1.14E-08 
anterior/posterior pattern formation (BP) 18(798) 7.78E-08 
sensory organ development (BP) 23(798) 1.16E-06 
morphogenesis of an epithelium (BP) 18(798) 3.23E-06 
central nervous system development (BP) 22(798) 4.07E-06 
embryonic organ morphogenesis (BP) 13(798) 4.05E-05 
cell morphogenesis (BP) 16(798) 8.56E-05 
fin morphogenesis (BP) 10(798) 1.10E-04 
vasculature development (BP) 15(798) 1.27E-04 
forebrain anterior/posterior pattern formation (BP) 3(798) 2.39E-04 





chordate embryonic development (BP) 36(1216) 1.42E-16 
sensory organ development (BP) 40(1216) 1.17E-13 
anterior/posterior pattern formation (BP) 27(1216) 6.42E-12 
cardiovascular system development (BP) 42(1216) 3.37E-11 
central nervous system development (BP) 36(1216) 7.45E-11 
determination of left/right symmetry (BP) 22(1216) 1.83E-09 
brain development (BP) 29(1216) 3.16E-09 
somitogenesis (BP) 18(1216) 4.80E-09 
segmentation (BP) 19(1216) 4.99E-09 
heart development (BP) 28(1216) 5.67E-09 
cell morphogenesis (BP) 26(1216) 2.69E-08 
eye development (BP) 26(1216) 2.96E-08 
neurogenesis (BP) 31(1216) 1.43E-07 
morphogenesis of an epithelium (BP) 24(1216) 2.33E-07 
hemopoiesis (BP) 18(1216) 3.52E-07 
hindbrain development (BP) 14(1216) 4.15E-06 
dorsal/ventral pattern formation (BP) 15(1216) 7.29E-06 
ameboidal cell migration (BP) 16(1216) 8.26E-06 
skeletal system morphogenesis (BP) 10(1216) 8.41E-06 
endoderm formation (BP) 8(1216) 1.11E-05 
digestive tract development (BP) 9(1216) 5.09E-05 
muscle organ development (BP) 12(1216) 8.85E-05 
Wnt receptor signaling pathway (BP) 15(1216) 8.98E-05 
erythrocyte differentiation (BP) 8(1216) 1.09E-04 
neurogenesis (BP) 19(798) 2.46E-04 
segmentation (BP) 10(798) 4.82E-04 
dorsal/ventral pattern formation (BP) 10(798) 5.23E-04 
branching morphogenesis of a tube (BP) 4(798) 5.64E-04 
hindbrain development (BP) 9(798) 6.45E-04 
somitogenesis (BP) 9(798) 8.59E-04 
neural tube development (BP) 7(798) 1.65E-03 
skeletal system morphogenesis (BP) 6(798) 1.91E-03 
Wnt receptor signaling pathway (BP) 10(798) 2.05E-03 
determination of left/right symmetry (BP) 10(798) 2.16E-03 
cartilage development (BP) 8(798) 3.13E-03 
neuromast development (BP) 4(798) 3.63E-03 
Notch signaling pathway (BP) 6(798) 3.71E-03 
intestinal cholesterol absorption (BP) 2(798) 3.82E-03 
parasympathetic nervous system development (BP) 2(798) 3.82E-03 
muscle organ development (BP) 7(798) 7.89E-03 
regulation of Wnt receptor signaling pathway (BP) 4(798) 2.64E-02 




forebrain development (BP) 11(1216) 1.27E-04 
liver development (BP) 8(1216) 1.33E-04 
smoothened signaling pathway (BP) 6(1216) 1.46E-04 
cartilage development (BP) 12(1216) 1.49E-04 
muscle cell development (BP) 11(1216) 2.79E-04 
fin morphogenesis (BP) 11(1216) 3.55E-04 
ventral midline development (BP) 5(1216) 3.76E-04 
autonomic nervous system development (BP) 5(1216) 3.76E-04 
blood vessel development (BP) 17(1216) 3.77E-04 
heart looping (BP) 10(1216) 4.94E-04 
notochord development (BP) 8(1216) 6.17E-04 
epidermal cell differentiation (BP) 4(1216) 8.59E-04 
Notch signaling pathway (BP) 8(1216) 1.02E-03 
neuron fate commitment (BP) 5(1216) 1.48E-03 
mesoderm formation (BP) 6(1216) 2.06E-03 
skeletal muscle organ development (BP) 7(1216) 2.06E-03 
striated muscle cell development (BP) 9(1216) 2.29E-03 
nerve development (BP) 5(1216) 2.43E-03 
epithelial cell differentiation (BP) 5(1216) 2.43E-03 
pancreas development (BP) 8(1216) 2.54E-03 
mesenchymal cell development (BP) 8(1216) 3.54E-03 
melanocyte differentiation (BP) 4(1216) 3.80E-03 
neural crest cell development (BP) 7(1216) 3.88E-03 
regulation of Wnt receptor signaling pathway (BP) 6(1216) 5.05E-03 
parasympathetic nervous system development (BP) 2(1216) 6.02E-03 
notochord cell development (BP) 2(1216) 6.02E-03 
lateral line system development (BP) 6(1216) 7.22E-03 
gastrulation with mouth forming second (BP) 5(1216) 8.39E-03 
endocrine pancreas development (BP) 4(1216) 9.84E-03 
neuromast development (BP) 4(1216) 9.84E-03 
regulation of smoothened signaling pathway (BP) 3(1216) 9.90E-03 
otic vesicle morphogenesis (BP) 5(1216) 1.15E-02 
forebrain anterior/posterior pattern formation (BP) 2(1216) 1.38E-02 
heart formation (BP) 2(1216) 1.38E-02 
non-canonical Wnt receptor signaling pathway (BP) 5(1216) 1.39E-02 
spinal cord development (BP) 5(1216) 1.60E-02 
enteric nervous system development (BP) 3(1216) 1.69E-02 
kidney development (BP) 6(1216) 4.48E-02 
central nervous system segmentation (BP) 2(1216) 4.82E-02 








Supplementary Tables 13-16. Enriched GO Biological Processes (BP) Terms related 
to cellular processes in mistranslation mutants were obtained with GeneCodis v3.0. 
Genes in term refers the number of genes in the dataset that belong to the respective BP. 
Hyp_c refers to corrected p values obtained with the application of a hypergeometric 
test. 
13 - ALANINE  GO Term BP Genes in Term Hyp_c 
regulation of gene expression (BP) 17(147) 2.03E-04 
metal ion transport (BP) 8(147) 3.64E-04 
RNA metabolic process (BP) 17(147) 1.13E-03 
regulation of apoptosis (BP) 5(147) 2.90E-03 
steroid hormone mediated signaling pathway (BP) 4(147) 3.81E-03 
DNA catabolic process (BP) 2(147) 5.70E-03 
positive regulation of apoptosis (BP) 3(147) 9.67E-03 
phosphorylation (BP) 9(147) 1.52E-02 
carboxylic acid biosynthetic process (BP) 3(147) 3.39E-02 
protein phosphorylation (BP) 7(147) 3.41E-02 
calcium ion transmembrane transport (BP) 2(147) 4.08E-02 
glycerolipid metabolic process (BP) 2(147) 4.13E-02 
regulation of cell cycle process (BP) 2(147) 4.31E-02 
protein modification process (BP) 9(147) 4.44E-02 
 
14 - GLYCINE  GO Term BP Genes in Term Hyp_c 
carboxylic acid metabolic process (BP) 22(641) 3.41E-09 
monosaccharide metabolic process (BP) 12(641) 1.01E-06 
nucleotide metabolic process (BP) 21(641) 1.30E-06 
regulation of gene expression (BP) 49(641) 2.10E-06 
cellular carbohydrate catabolic process (BP) 8(641) 8.08E-05 
membrane lipid metabolic process (BP) 5(641) 1.73E-04 
phosphorylation (BP) 28(641) 3.31E-04 
glycerol metabolic process (BP) 4(641) 5.76E-04 
convergent extension (BP) 8(641) 1.70E-03 
fatty acid metabolic process (BP) 6(641) 1.88E-03 
protein modification process (BP) 31(641) 2.25E-03 
cellular carbohydrate biosynthetic process (BP) 4(641) 5.55E-03 
glycolipid metabolic process (BP) 3(641) 5.78E-03 
protein transport (BP) 13(641) 7.43E-03 





cellular lipid catabolic process (BP) 3(641) 9.44E-03 
protein glycosylation (BP) 6(641) 9.83E-03 
cellular biogenic amine metabolic process (BP) 4(641) 1.19E-02 
small GTPase mediated signal transduction (BP) 11(641) 1.51E-02 
integrin-mediated signaling pathway (BP) 4(641) 1.85E-02 
regulation of ubiquitin-protein ligase activity (BP) 2(641) 1.87E-02 
protein phosphorylation (BP) 18(641) 1.87E-02 
sterol transport (BP) 2(641) 2.55E-02 
isoprenoid metabolic process (BP) 3(641) 3.20E-02 
coenzyme biosynthetic process (BP) 4(641) 3.23E-02 
regulation of organelle organization (BP) 4(641) 3.31E-02 
positive regulation of macromolecule metabolic process (BP) 6(641) 3.82E-02 
retinoid metabolic process (BP) 2(641) 4.29E-02 
regulation of protein metabolic process (BP) 6(641) 4.74E-02 
steroid biosynthetic process (BP)  3(641) 4.90E-02 
15 - VALINE GO Term BP   Genes in Term Hyp_c 
RNA metabolic process (BP) 86(798) 3.24E-15 
regulation of gene expression (BP) 75(798) 6.20E-14 
protein modification process (BP) 52(798) 2.62E-09 
phosphorylation (BP) 43(798) 9.25E-09 
protein phosphorylation (BP) 32(798) 1.03E-06 
regulation of cellular protein metabolic process (BP) 14(798) 1.03E-06 
protein transport (BP) 22(798) 1.30E-06 
metal ion transport (BP) 20(798) 2.51E-06 
carboxylic acid metabolic process (BP) 18(798) 9.13E-06 
negative regulation of macromolecule metabolic process (BP) 12(798) 1.05E-05 
regulation of apoptosis (BP) 14(798) 1.57E-05 
positive regulation of cell communication (BP) 7(798) 3.59E-04 
positive regulation of apoptosis (BP) 7(798) 6.27E-04 
negative regulation of cell cycle (BP) 6(798) 7.67E-04 
mRNA metabolic process (BP) 10(798) 8.72E-04 
regulation of phosphorus metabolic process (BP) 7(798) 1.49E-03 
negative regulation of cellular protein metabolic process (BP) 4(798) 2.32E-03 
protein folding (BP) 9(798) 3.83E-03 
ameboidal cell migration (BP) 9(798) 3.87E-03 
RNA processing (BP) 12(798) 4.24E-03 
regulation of peptidase activity (BP) 4(798) 6.33E-03 
phospholipid biosynthetic process (BP) 4(798) 9.30E-03 
negative regulation of cell communication (BP) 6(798) 1.00E-02 
posttranscriptional regulation of gene expression (BP) 5(798) 1.48E-02 
glycerolipid metabolic process (BP) 4(798) 1.63E-02 





16 - LEUCINE GO Term BP Genes in Term Hyp_c 
MAPKKK cascade (BP) 4(1216) 2.88E-03 
monosaccharide metabolic process (BP) 18(1216) 5.78E-10 
protein complex assembly (BP) 8(1216) 2.47E-02 
protein modification process (BP) 78(1216) 7.04E-14 
protein phosphorylation (BP) 49(1216) 1.47E-10 
protein glycosylation (BP) 6(1216) 4.76E-02 
glutamine metabolic process (BP) 4(1216) 3.80E-03 
membrane lipid metabolic process (BP) 6(1216) 1.10E-04 
steroid biosynthetic process (BP) 7(1216) 1.11E-04 
mitochondrial transport (BP) 3(1216) 3.78E-02 
amino acid transport (BP) 3(1216) 2.63E-02 
endocytosis (BP) 4(1216) 1.60E-02 
cytoskeleton organization (BP) 17(1216) 7.52E-05 
small GTPase mediated signal transduction (BP) 25(1216) 1.05E-06 
Ras protein signal transduction (BP) 5(1216) 1.32E-02 
cholesterol metabolic process (BP) 3(1216) 1.37E-03 
nucleotide metabolic process (BP) 23(1216) 2.91E-04 
catechol metabolic process (BP) 5(1216) 1.46E-04 
positive regulation of signal transduction (BP) 10(1216) 8.41E-06 
negative regulation of signal transduction (BP) 8(1216) 4.22E-03 
regulation of gene expression (BP) 115(1216) 4.53E-22 
protein transport (BP) 17(1216) 1.52E-02 
organic acid transport (BP) 4(1216) 4.60E-02 
sterol transport (BP) 3(1216) 2.80E-03 
cell growth (BP) 7(1216) 3.74E-02 
RNA metabolic process (BP) 117(1216) 3.29E-18 
phosphorylation (BP) 74(1216) 2.68E-18 
regulation of phosphate metabolic process (BP) 8(1216) 2.27E-03 
carboxylic acid metabolic process (BP) 20(1216) 1.10E-04 
water homeostasis (BP) 2(1216) 1.38E-02 
extracellular matrix organization (BP) 4(1216) 7.81E-03 
organic acid transport (BP) 4(798) 1.63E-02 
carboxylic acid transport (BP) 4(798) 1.63E-02 
DNA damage response, signal transduction by p53 class 
mediator (BP) 2(798) 2.13E-02 
regulation of cell development (BP) 5(798) 2.63E-02 
dephosphorylation (BP) 7(798) 2.78E-02 
mesendoderm development (BP) 2(798) 2.83E-02 
protein glycosylation (BP) 5(798) 3.71E-02 
protein dephosphorylation (BP) 6(798) 4.47E-02 




regulation of transporter activity (BP) 4(1216) 1.42E-02 
regulation of organelle organization (BP) 5(1216) 3.08E-02 
ion transmembrane transport (BP) 12(1216) 3.17E-03 
cellular response to reactive oxygen species (BP) 2(1216) 6.02E-03 
maintenance of protein localization in endoplasmic reticulum 
(BP) 2(1216) 1.38E-02 
response to hydrogen peroxide (BP) 3(1216) 2.80E-03 
muscle cell fate commitment (BP) 6(1216) 3.78E-07 
regulation of apoptosis (BP) 14(1216) 5.98E-04 
steroid hormone mediated signaling pathway (BP) 8(1216) 1.41E-02 
regulation of kinase activity (BP) 7(1216) 3.49E-03 
cellular carbohydrate catabolic process (BP) 8(1216) 1.79E-03 
negative regulation of cell differentiation (BP) 5(1216) 1.81E-02 
positive regulation of cell differentiation (BP) 4(1216) 2.50E-02 
carboxylic acid biosynthetic process (BP) 10(1216) 1.15E-03 
glycerolipid metabolic process (BP) 6(1216) 2.44E-03 
phosphatidylinositol metabolic process (BP) 5(1216) 5.98E-03 
response to copper ion (BP) 4(1216) 5.06E-03 
Golgi vesicle transport (BP) 4(1216) 9.84E-03 
regulation of protein metabolic process (BP) 11(1216) 2.82E-03 
regulation of cytoskeleton organization (BP) 4(1216) 4.09E-02 
regulation of peptidase activity (BP) 4(1216) 1.60E-02 
convergent extension (BP) 9(1216) 6.12E-03 
regulation of transmembrane receptor protein serine/threonine 
kinase signaling pathway (BP) 6(1216) 5.05E-03 
 




Supplementary table 17. Log2 fold change of apoptosis related genes deregulated by 
proteotoxic stress. Genes involved in apoptosis deregulated by proteotoxic stress. Genes were 
considered deregulated fold change higher than 1.5 and lower than -1.5. Displayed results are 
Log2 fold change values. 
Ala Gly Val Leu 
tnfrsfa 2.02 2.04 
tnfs10l 4.01 3.52 
fas 3.22 4.13 
casp3b 5.17 
casp6 4.01 
casp8 2.39 2.64 
casp9 1.93 
caspc -1.93 -1.93 
bbc3 2.15 
bcl2l 1.99 2.94 
bnip3l 1.84 1.99 
bad 2.20 2.01 
bmf1 2.00 1.78 
baxa 1.21 1.79 1.79 
boka 1.77 
bag3 1.99 
xiap 2.29 1.82 2.14 
tp53 1.83 2.04 
tp63 1.93 1.64 
perp 1.99 1.94 
mdm2 1.75 2.15 









Supplementary table 18. Log2 fold change of developmental signalling related genes 
deregulated by proteotoxic stress. Genes involved in developmental signalling pathways 
Hedgehog, Wnt and Notch deregulated by proteotoxic stress. Genes were considered 
deregulated fold change higher than 1.5 and lower than -1.5. Displayed results are Log2 fold 
change values. 




sufu 1.76 1.69 
csnk1db 1.54 
bmp2b 1.95 
bmp6 2.31 1.92 
bmp7a 3.88 




grk5 4.38 2.36 
klhl12 1.50 
mylipb 4.12 
nkd1 1.92 1.76 
nkd2a 1.62 1.56 
nlk1 1.75 1.60 
sp5l 2.84 
wif1 1.79 1.67 
wnt1 2.59 1.49 3.41 
wnt10a 2.00 3.05 3.77 
wnt16 2.26 
wnt4a 1.50 1.51 
wnt8a 4.23 
asb11 1.85 2.12 
psen2 3.52 2.93 
mib 1.46 

















Supplementary Table 19. Enriched miRNAs target sites. Genes contained in the 3 major 
clusters of gene expression profiling results (figure 5) were analyzed with GeneCodis v2.0 for 
microRNA target site enrichment. The miRNAs deregulated in this study that were present in 
the GeneCodis analysis were selected from the total lists and are shown in the table. 
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4. Establishing a zebrafish transgenic line to study 
proteotoxic stress 
4.1. Abstract 
Proteotoxic stress in vertebrates is associated withl ageing and conformational 
diseases. However, it is still unclear how proteome instability and protein aggregation 
cause human diseases and accelerate ageing processes. To clarify this question we have 
produced a transgenic zebrafish line that expresses a misreading serine tRNA that 
destabilizes the proteome, increases protein aggregation and generates proteotoxic 
stress. The transgenic fish recapitulate the expression pattern of heat shock proteins, 
accumulation of protein aggregates and mitochondrial network morphology alterations, 
observed in cells exposed to proteotoxic stress. We have also observed deregulation of 
miR-145, which is involved in gut development, miR-1 that regulates muscle gene 
expression and angiogenesis and miR-27c which is present in zebrafish embryo stages. 
This transgenic line will permit detailed study of the effects of proteotoxic stress in 













Accurate protein synthesis and tight control of protein folding and degradation are 
absolutely essential for cell functioning and homeostasis [1, 2]. However, synthesis 
errors can lead to protein misfolding, aggregation and degradation. Eukaryotic cells 
possess a protein surveillance and quality control network composed by molecular 
chaperones, endoplasmic reticulum (ER) associated degradation pathway (ERAD), 
autophagy and the ubiquitin proteasome pathway (UPP) that handle aberrant proteins. 
Molecular chaperones are a fundamental component of the proteostasis network as they 
participate in several cellular processes, especially in the folding/refolding and assembly 
steps and also in the deposition and degradation of aggregated and misfolded proteins 
[3, 4]. These molecules are classified in several sub-classes according to their molecular 
weight, namely HSP100, HSP90, HSP70, HSP40 and the small heat shock proteins 
(sHSP), these chaperones recognize and refold misfolded or aggregated proteins [3, 4]. 
Saturation of this chaperone network, high level of synthesis of aberrant proteins, 
ageing and environmental insults results in the accumulation of misfolded proteins in 
cytoplasm and in the ER. These proteins tend to accumulate in aggregated structures 
which are characteristic of human conformational diseases [5]. The ER is also important 
in this process as it handles the proteins destined for the secretory pathway and 
articulates numerous signaling pathways. The ER stress response (UPR) is central in 
this signaling network as it restores homeostatic control of this organelle and provides 
downstream signals to other sub-cellular locations. Signaling from the stressed ER 
shapes cellular proliferation, inflammation, apoptosis and is connected with 
mitochondrial dynamics and physiology [6]. Indeed, ER stress can initiate apoptosis 




signaling trigger mitochondrial alterations. In our previous work (chapter 2), we showed 
that protein synthesis errors drive mitochondrial dysfunction, suggesting that aberrant 
protein synthesis is an efficient proteotoxic stress activator.  
A mistranslation mouse model has highlighted the biological and biomedical 
relevance of protein synthesis errors. Mice harboring a mutant alanyl-tRNA synthetase 
that charges alanine tRNAs with serine accumulate misfolded proteins and display 
extensive neuronal damage [7]. Moreover, mRNA mistranslation models using 
misreading tRNAs have been established in yeast [8], human cell lines, chick embryos 
[9] and in zebrafish embryos (chapter 2). These models demonstrated that mutant 
tRNAs are an excellent proteotoxic stress generator and that zebrafish is a good model 
to study the effects of mRNA mistranslation on vertebrates. Indeed, zebrafish embryos 
have several advantages, namely short generation time, high conservation of zebrafish 
and human genomes and gene functions, external developmental and optical 
transparency that greatly facilitate embryo manipulation, and finally availability of 
techniques that allow for gene overexpression and knockdown that facilitate in vivo 
analysis of gene function [10-12]. Zebrafish embryos also allow for direct observation 
of embryogenesis and are promising models for ageing and conformational diseases 
studies since the zebrafish nervous system mirrors the major aspects of the human 
nervous system and unlike mammals zebrafish have regenerative capabilities in several 
tissues [13-15]. These characteristics of the zebrafish model prompted us to produce 
transgenic fish to evaluate the role of mistranslation on proteotoxic stress, ageing and 
disease. Our system is based on a mutant zebrafish Ser-tRNA that introduces errors at 
the leucine CTG codon into polypeptides during mRNA translation, thus producing a 
randomly mutated proteome. Importantly, this model will allow for the evaluation of 
proteotoxic stress in the whole organism at developmental and adult stages. Our 
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previous work established a link between proteotoxic stress and miRNA regulation. 
MicroRNAs are 20-22 nucleotide long small non-coding RNAs that are capable of 
regulating translation and decay of their target mRNAs [16, 17]. These small RNAs are 
evolutionary conserved in Eukarya and have the potential to target several different 
mRNAs. Importantly, miRNAs are known to participate in several developmental and 
pathological processes [18]. In zebrafish, miRNAs are fundamental for embryo 
development and exert their functions at various levels, for example driving 
neurogenesis [19], regulating angiogenesis and vascular integrity [20], and modulating 
organ and embryo patterning [21, 22]. Interestingly, recent studies have shown that 
miRNAs are involved in cellular stress response modulation trough the interaction with 
the ER stress response adaptors XBP1 and IREα. 
Our preliminary results show induction of molecular chaperones Hsp70 and 
Hsp90, accumulation of intracellular protein aggregates and morphological alterations 
in the mitochondrial network. Furthermore, this transgenic zebrafish model also allows 
for studying miRNA regulation in response to proteotoxic stress and will be an 
important tool to study the effects of proteotoxic stress on ageing, neurological 






4.3. Material and methods 
4.3.1. Zebrafish husbandry and mutant serine tRNA plasmid construct 
Zebrafish (AB strain) were maintained at 28ºC on a 14 h-light/10 h-dark cycle. 
Stages of embryonic development were determined based on the number of hours after 
fertilization and morphological standards [23]. Zebrafish maintenance followed the 
Portuguese law for animal experimentation (Regulatory Guideline nº 1005/92, October 
23rd, 1992). Endogenous Ser-tRNA genes and flanking regions were amplified from 
zebrafish genomic DNA and digested with BgLII restriction enzymes. The fragments 
were cloned into the pT2AL200R150G [24] vector producing the plasmid pT2tRNASer. 
Mutant Ser-tRNALeu construct was produced using the plasmid pT2tRNASer by site 
directed mutagenesis of nucleotide positions corresponding to the anticodon of the 
mature Ser-tRNA to leucine CAG anticodon. Mutation was selected according to 
similarity of amino acid properties, blossom score, codon usage and total codon counts 
(Chapter 2). The empty and tRNA plasmids (endogenous and Ser-tRNALeu) were 
injected into zebrafish embryos at one-cell stage, the injected solution contained 25ng/μl 
of circular plasmid DNA and 25 ng/μl transposase mRNA. The transposase mRNA was 
synthesized from PCS-TP [11] as described in [25]. Founder embryos were staged in 
system water and observed under a stereo-microscope equipped with a GFP 
fluorescence filter (Nikon). GFP positive fish were selected, maintained and crossed 
with wild type to obtain heterozygotic F1 transgenic fish. F2 of empty construct, 
endogenous Ser-tRNA and Ser-tRNALeuCAG generations were produced by crosses of 
the F1 populations. 
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4.3.2. Northern blot analysis 
Total RNA of 24hpf embryos were resolved on 15% polycralyamide gels for 18 
hours at 500V. The section of gel containing the tRNAs was semi-dry transferred to a 
nitrocellulose membrane (Hybond N, Amershan) and membranes were cross linked 
using a UV Stratalinker-1800 from Stratagene. Probes were prepared by 5’ 
phosphorylation of 10pmol of short oligonucleotides with γ-32P-ATP. Membranes were 
hybridized overnight at the oligos Tm minus 5 degrees with rotation, washed and then 
exposed to a K-screen and scanned using a Molecular Imager FX (Bio-Rad).  
 
4.3.3. Southern blot analysis 
Genomic DNA was isolated from tail clips and 2-4µg of DNA, digested with 
EcoRI and resolved on a 1% agarose gel. Fractioned DNA was transferred to nylon 
membrane (Hybond N+, Amersham) by capillary blotting and cross-linked using 
ultraviolet irradiation. Membranes were probed with γ-32P labeled GFP oligo probe. 
Membranes were hybridized overnight at 42ºC with rotation, washed and then exposed 
to a K-screen and scanned using Molecular Imager FX (Bio-Rad).  
 
4.3.4. Western immunoblotting 
For western blot analysis 24hpf embryos were dechorionated and deyolked [26]. 
Whole embryos lysates were extracted using 1x SDS sample buffer at 95ºC for 5 
minutes. Approximately 50 µg/lane of protein were loaded on 12% or 15% SDS–PAGE 
minigels. After electrophoresis the proteins were wet transferred to nitrocellulose 
membrane and blocked. Blocked membranes were incubated with primary antibodies: 
anti-GFP (Clontech), anti-β-tubulin (Invitrogen), anti-HSP90 (StressMarq) and anti-




secondary antibody labeled with an infrared dye (IRDye 800CW, Li-COR) at room 
temperature in the dark. Membranes were scanned and analyzed using the Odyssey® IR 
scanner and images were analyzed using Odyssey® imageing software 3.0 with default 
settings. The results obtained are expressed as the relative percentage normalized for 
control sample values. 
 
4.3.5. HSPB1 mCherry fusion reporter 
The mCherry gene was cloned into BamHI and ClaI sites of the pT2AL200R150G 
vector [24] replacing the GFP gene. HSPB1 promoter [27] and coding region (without 
stop codon) were amplified from zebrafish genomic DNA and cloned sequentially at 
XhoI, SalI and Sal, BamHI sites of the pT2AL200R150G-mCherry vector. A mixture of 
the mCherry fusion reporter and mutant tRNA plasmids was injected in phenol red/KCl 
in one-cell stage embryos and embryos were observed under an epifluorescence 
microscope (Zeiss) and photographed using GFP and mCherry filters. 
 
4.3.6. Acridine orange staining 
Acridine orange (AO) is a cell permeable nucleic acid dye which is sequestered by 
lysosomes and does not enter the nucleus. However, upon cell death intracellular pH 
changes and AO is released into the cytoplasm. For cell death staining, 24hpf embryos 
were washed and dechorionated. Live embryos were stained for apoptotic cells with 
5μg/ml AO for 30 min in the dark. After incubation, embryos were washed with system 
water and photographed using an epifluorescence microscope. Fluorescent images were 
obtained using an Imager.Z1 (Zeiss), AxioCam HRm camera (Zeiss) and AxioVision 
software (Zeiss).  
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4.3.7. Mitochondria staining 
Live imageing of mitochondria in zebrafish was carried out using MitoTracker® 
Red CM-H2XRos (Molecular Probes®). 24hpf embryos were dechorionated and 
incubated with MitoTracker 500nM for 30 mins in the dark. For imageing, anesthetized 
zebrafish embryos were embedded in methyl cellulose and overlayed with vectashield. 
Mito Tracker fluorescence was documented by epifluorescence microscopy. 
Fluorescence images were obtained using an Imager.Z1 (Zeiss), a Rhod 20 filter, 
AxioCam HRm camera (Zeiss) and AxioVision software (Zeiss).  
 
4.3.8. Total RNA extraction 
Total RNA was extracted using Trizol® according to manufacturer´s instructions. 
Briefly, 200 24hpf embryos were collected, dechorionated and stored at -80ºC. Frozen 
embryo pellets were ressuspended in 1mL of TRIZOL and disrupted using precellys 24 
(Bertin technologies). The total extracts were incubated at room temperature for 5 
minutes and further extracted with chlorophorm and isopropyl alcohol. Total RNA 
pellets were washed with 75% ethanol and ressuspended in milliQ water. To remove 
contaminating DNA, samples were treated with DNAseI (Fermentas) following the 
manufacturer instructions and stored at -80ºC. RNA was quantified using Nanodrop 
1000 Spectrophotometer (Thermo Scientific) and quality was verified using the Agilent 
2100 Bioanalyzer. 
 
4.3.9. Real-time quantitative PCR 
Quantification of miRNA expression was carried out using NCode™ miRNA 
First-Strand cDNA module and Platinum® SYBR® Green qPCR Super Mix-UDG 




RNA was polyadenylated and used to produce cDNA. cDNA was prepared from 500ng 
of total polyadenylated RNA using Superscript III (Invitrogen) according to the 
manufacturer´s instructions. Real-time Quantitative PCR was carried out using the ABI 
Prism 7500 Sequence Detector System (Applied Biosystems). The reactions were 
carried out at 95ºC for 2 min, 95ºC for 15s and 60ºC for 30s with 50 repetitions. The 
threshold cycle data (CT) and baselines were determined using auto settings. All assays, 
including no template controls, were performed in triplicate and relative quantification 
of gene expression was calculated by the 2−ΔΔCT method [28], where the control 
sample was the endogenous serine tRNA and the experimental internal control was U6 
small RNA (RNU6B). Probes were U6: 5’-GACACGCAAATTCG 
TGAAGCGTTCCATA-3’, mir-145: 5’-GTCCAGTTT TCCCAGGAATCCC-3’, mir-1: 
5’-TGGAATGTAAAGAAGTATGTAT-3’ and mir-27c: 5’-TTCACAGTGGTTAAG 
TTCTGC-3’. All the analyses were carried out using REST-MCS tool [29]. 
 
4.3.10. MicroRNA target prediction 
The miRNA targets were identified with the Eimmo (MirZ) [30], miRBASE 
Targets [31] and TargetScan Fish [32] databases. The computational targets were 
considered when they were retrieved from at least two of the algorithms. 
 
4.3.11. Statistical analysis 
Data was analyzed using GraphPad Prism. The differences between control and 
conditioned embryos were assessed by Student's t-test or ANOVA with post test 
Dunnett's Multiple Comparison Test. In all cases, p values   <   0.05 were considered 
statistically significant.  




4.4.1. Transgenesis system 
In this study we used the mutant Ser-tRNACAGLeu described earlier in this thesis as 
a generator of proteotoxic stress (Figure 4.1A). We chose this particular mutant tRNA 
because our previous results showed that it was the most efficient proteotoxic stress 
generator. For this, an endogenous zebrafish Ser-tRNA was amplified and mutated in 
the anti-codon region by site directed mutagenesis to yield the mutant Ser-tRNA 
harbouring the CAG leucine anti codon. This mutant tRNA is charged with Ser because 
the seryl-tRNA synthetase (SerRS) does not recognize the anticodon arm and mutations 
in this structural domain do not affect tRNA charging specificity [33, 34]. The 
transgenic fish were produced using the Tol2 system, a transposon based method of 
DNA integration into chromosomal DNA that already harbors the eGFP gene, which is 
useful to follow transgene integration (Figure 4.1B) [25]. Tol2 is a eukaryotic class II 
transposon, which moves via excision and integration without replication. Upon 
mobilization the transposase cleaves the DNA through binding to its terminal inverted 
repeats, cuts and inserts foreign DNA at the target site and finally the host DNA repair 
mechanisms repair and link the inserted cuts [35]. The non-autonumus Tol2 construct 
has been optimized so that it cannot transpose by itself. The transposon sequence was 
also reduced to the minimal Tol2 cis-sequence and minimal subterminal repetitive 
sequences in order to remove unnecessary part of the vector that might affect the gene 
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Figure 4.4. Phenotypic analysis of mistranslating transgenic zebrafish.  
A) The expression of the mutant serine tRNA produced morphological alterations in zebrafish 
embryos at 24hpf (A) and at 5dpf (B). Data are presented as the mean ± SD (n =3). C) Embryo 
length at 2 months is reduced from 1.17cm to 0.71cm) in mutant tRNA transgenics. Data are 
presented as the mean ± SD (n =3). 
 
4.4.3. Transgenics recapitulate several proteotoxic stress features 
Our previous work on the cellular effects of proteotoxic stress in zebrafish 
embryos showed that mistranslating tRNAs activate the general stress response and that 
these embryos are a good model system to tackle the biology of proteotoxic stress and 
proteome instability. We have monitored the impact of mistranslation in our transgenic 
fish by quantifying heat shock expression and accumulation of protein aggregates. We 
have analyzed the induction of Hsp90 and Hsp70 by western blotting and the results 



























































Figure 4.6. Protetoxic stress transgenic zebrafish accumulate intracellular protein 
aggregates.  
The accumulation of protein aggregates was monitored using a HSPB1-mCherry fusion protein 
by fluorescence microscopy at 24hpf. The molecular chaperone HSPB1 (HSP27) binds to 
aggregated proteins and can be used to monitor their accumulation in the cell when fused to a 
fluorescent probe. In the control zebrafish, fluorescence was evenly distributed throughout the 
cytoplasm, while in the mistranslating zebrafish there was formation of fluorescent foci which is 
indicative of the presence of protein aggregates. 
 
This prompted us to further investigate if the transgenic fish also displayed the 
apoptotic phenotype and mitochondrial network alterations associated with proteotoxic 
stress observed in the embryos described in chapeter 2. Acridine orange labelling 
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This work describes the generation of stable transgenic zebrafish expressing a 
mutant tRNA that incorporates Ser at Leu CTG sites. This is the first transgenic 
zebrafish for studying proteotoxic stress induced by mRNA mistranslation. This 
transgenic fish reinforces the notion that proteome imbalance produced by mRNA 
mistranslation impacts negatively on cellular homeostasis and embryo development. 
Our previous work described in chapters 2, 3 showed that the Ser-tRNACAGLeu was a 
strong stress inducer and a good tRNA for studying the biology of proteotoxic stress in 
a multicellular organism. The results presented in this chapter are in line with our earlier 
studies since the transgenic zebrafish expressing the Ser-tRNACAGLeu showed reduced 
survival, embryonic morphological alterations and reduction in body length. We further 
saw that transgenic fish have increased levels of Hsp70 and Hsp90 and accumulated 
protein aggregates, which are important biomarkers of proteotoxic stress [41]. The 
transgenic fish also have significant alterations in the morphology of the mitochondrial 
network highlighting important roles of proteotoxic stress on the dynamics and 
homeostasis of mitochondria. 
In this work we confirmed that the mutant Ser-tRNACAGLeu can deregulate miRNA 
expression. Our data confirmed the deregulation of mir-145, mir-1 and mir-27c induced 
by proteotoxic stress in the transgenic fish (see also chapter 3). The miR-145 regulates 
the development of the gastrointestinal tract [42, 43], suggesting that development of 
this particular organ system may be greatly affected by proteotoxic stress conditions. 
MiR-145 has been described as a tumor suppressor miRNA due to its interaction with 
anti-apoptotic factors and pro-apoptotic activity [44-46]. The pro-apoptotic ability of 




embryos, suggesting that this miRNA might be a key effector of proteotoxic stress. In a 
recent work [47], a mutant Ser-tRNA with an anticodon coding for isoleucine has 
suppressed tumor development in a xenograft mouse model. In this model the 
proteotoxic stress generated by the Ser-tRNAIle increased apoptosis levels and reduced 
tumor cell viability. Our work shows that proteotoxic stress up regulates several tumor 
suppressor miRNAs, namely miR-145 (chapter 3) and it is tempting to speculate that 
miRNA induction by proteotoxic stress may be involved in the anti tumoral mechanism 
mediated by mutant tRNAs [47]. The putative targets of miR-1 and miR-27c are 
involved is various cellular and physiological processes. From the targets of these three 
miRNAs we can highlight those involved in embryo patterning, cell cycle and 
morphogenesis and transcriptional control. Interestingly, several apoptotic factors, 
namely traf4b, dffb, apaf1, faz, bad and bcl2, are putative targets of miR-27c, 
suggesting that repression of this miRNA facilitates the apoptotic process. MiR-1 has 
been identified as a muscular miRNA with important roles in development of muscle 
tissues, and is involved in heart diseases such as hypertrophy [48-50]. In zebrafish, this 
miRNA has also been identified as a regulator of muscle cell development and in 
angiogenesis during muscle development [40, 51]. This miRNA is also required for 
proper function of the adult heart in mice [52] and it will be interesting to monitor 
whether adult transgenic fish develop heart failure as they age and how this organ reacts 
to proteotoxic stress. Additionally, genes involved in developmental signaling 
pathways, namely wnt10a, dll4, zirc2a, zgc:114200 and rbpja were retrieved as putative 
targets of miR-145, dvl2 as a putative target of miR-27c and finally wnt4b, notch1b, 
cacybp as putative targets of miR-1. We observed severe morphological alterations in 
embryo development (Figure 4), raising the possibility that the phenotypic aspects of 
proteotoxic stress may, up to some extent, be driven by miRNA deregulation. This 
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illustrates the importance of microRNA deregulation because it has the potential to 
greatly amplify the effects of mRNA mistranslation on gene expression profiles.  
In conclusion, our new mistranslating zebrafish transgenic line displays important 
biomarkers of proteotoxic stress, suggesting that it can be used to dissect the biology of 
proteotoxic stress in vertebrates. Also, is creates the opportunity to study the physiology 
of this process during development and adult stages as well. The transgenics will 
facilitate analysis of preoteotoxic stress features in fully develop tissues and organs, 
which will be of great relevance to address questions related to ageing and late onset 
diseases. Our data further suggests that miRNA deregulation may play a role in the 
response to proteotoxic stress and may mediate developmental defects detected in the 
mistranslating embryos, and it will be important to further evaluate such deregulation in 
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Supplementary table 1. Putative targets or miR-145. miRNA targets were identified 
with the Eimmo (MirZ), miRBASE Targets and TargetScan Fish databases. The 
computational targets were considered when they were retrieved from at least two of the 
algorithms. GO terms were identified using DAVID database and manually curated to 
remove redundant terms. 
miR-145 
Target GO Term –Biological Process 
snx14 Cell communication  
dll4, unc5b, hspa12b, fli1a, rbpja Angiogenesis  
loc554469 Cell cycle, regulation of transcription  
plxna4, sema3aa, tfap2a Cell morphogenesis,  nervous system development  
cib2, zgc:158263 Cell surface receptor linked signal transduction  
atoh7, sox2, pax6b Eye development, transcription, multicellular organismal development 
hs3st1 Heparan sulfate biosynthesis 
tlr3 Immune system process,  Toll-like receptor signaling pathway 
slc30a7 Ion transport  
cd63 Lysosome 
zgc:114200 Metabolic process, gene expression,  Notch signaling pathway 
pgd, cyp1a, mtmr6, lpl, chka, psat1, gys2, 
st6galnac5,  hmgcra Metabolism 
eef2k Mitotic cell cycle, mitotic spindle organization 
clptm1, spata18, skib, fgf24, msxd, dmd Multicellular organismal development, cell differentiation  
pnrc2 Nuclear-transcribed mrna catabolic process, nonsense-mediated decay, transcription,  
sod1 Oxygen and reactive oxygen species metabolic process  
zic2a Pattern specification process, nervous system development ,  Hedgehog signaling pathway 
si:dkey-121j17.5, src, grk1a Phosphorylation,  protein modification process 
ptk2.1 
Protein complex assembly,  erbb signaling pathway, 
VEGF signaling pathway, Regulation of actin 
cytoskeleton 
calrl2 Protein folding, protein metabolic process  
ptp4a1, opn1lw2 Protein modification process,  dephosphorylation  
mbtps1, cul1b, ube4b, pias2 Proteolysis  
sppl3 Regulation of apoptosis  
carhsp1, irx6a, mta2, pou2f1b, si:dkey-
109n11.1, gata6, med25, nr2f1a, sox19a Transcription, regulation of transcription 
mknk2b Regulation of translation, response to stress, MAPK signaling pathway  
apex1 Response to DNA damage stimulus,  regulation of apoptosis, Base excision repair 
xrn2 RNA degradation 
hnrpl, utp15 RNA processing 
rhpn2, arrb1 Signal transduction  
vcanb Skeletal system development, ossification, multicellular organismal development,  
mrrf Translation 
ergic3, rh50, ttpa, apoeb, chrne Transport  
slc25a14 Transport, mitochondrial transport  
aars Trna metabolic process,  Aminoacyl-trna biosynthesis 





Supplementary table 2. Putative targets of mir-1. miRNA targets were identified 
with the Eimmo (MirZ), miRBASE Targets and TargetScan Fish databases. The 
computational targets were considered when they were retrieved from at least two of the 
algorithms. GO terms were identified using DAVID database and manually curated to 
remove redundant terms. 
miR-1 
Target GO Term –Biological Process 
hs6st2  Angiogenesis, blood vessel development  
notch1b  Blood vessel development, Notch signaling pathway, 
calm1b, calm1a, calm2b, calm3a, calm3b  Calcium signaling pathway  
nrxn2a  Cell adhesion molecules (cams) 
nadl1.1, cxcl12a  Cell morphogenesis  
tagln2, pfn2l  Cell morphogenesis, cytoskeleton organization 
mtnr1c  Cell surface receptor linked signal transduction  
snap25a  Cytokinesis, cell division 
arpc4l  Cytoskeleton organization 
zgc:165555  DNA packaging, chromatin organization  
paics  Eye development, metabolism 
copz1  Eye development, protein localization  
hs3st3b1b  Glycosaminoglycan degradation, Heparan sulfate biosynthesis 
ak2  Immune system development  
asb4, arf1l, rabif  Intracellular signaling cascade 
slc40a1, slc39a13, kctd10  Ion transport 
vtg3  Lipid transport  
cd63  Lysosome 
rpia, atic, dpyd, ddost, alg8, arg2, azin1b, 
zgc:136871, entpd1, acat2, hccsa, nudt9, 
zgc:153896, ass1, bhmt, adh8b 
 Metabolism 
cbr1l, dhrs1, idh1  Oxidation reduction 
atp6v1c1a  Oxidative phosphorylation, proton transport  
ccng2  P53 signaling pathway 
bmpr2a  Pattern specification process 
bsk146, dyrk2, prkacab  Protein amino acid phosphorylation, phosphorylation 
tuba8l4  Protein complex assembly 
fkbp9  Protein folding 
ppih  Protein folding, Spliceosome 
m6pr  Protein targeting to lysosome 
zgc:136971  Proteolysis 
fancd2  Regulation of cell death, regulation of apoptosis  
eif5a  Regulation of translation 
amh  Reproductive developmental process, 
igf2b, igf2a, her7  Somitogenesis, pattern specification process  
hnrpkl  Spliceosome 
tbp, hoxa3a, hoxb2a, nr4a3, meis3, dlx2b, 
elk4, hsf2, cnot3a, pax2a  Transcription, regulation of transcription  
slc25a27  Transmembrane transport 
wnt4b, cacybp  Wnt signaling pathway 
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Supplementary table 3. Putative targets of mir-27c. miRNA targets were identified 
with the Eimmo (MirZ), miRBASE Targets and TargetScan Fish databases. The 
computational targets were considered when they were retrieved from at least two of the 
algorithms. GO terms were identified using DAVID database and manually curated to 
remove redundant terms. 
miR-27c 
Target GO Term –Biological Process 
tbx16, ptenb Angiogenesis 
apaf1, faz, bad, dffb, traf4b, bcl2 Apoptosis  
tpm1 Cardiac muscle contraction 
cdh11, cd36 Cell adhesion  
mlh1, sesn2, cth1 Cell cycle 
b4galt1 Cell motion  
zgc:152951 Cell redox homeostasis 
mc4r, gpr98 Cell surface receptor linked signal transduction  
setd1ba Chromatin organization 
snap25a Cytokinesis, cell division 
nfia, kbtbd5, dnase1l3l, DNA metabolic process  
disc1 Embryonic morphogenesis  
col2a1a, eya1 Embryonic organ development 
rdh5, atoh7, ctbp2, prkci Eye development 
cx43 Heart development , embryonic organ development  
dvl2 Hindbrain development ,  Wnt signaling pathway, Notch signaling pathway 
il22, zgc:136614, si:ch211-234p6.13 Immune response  
arl3l2, arl5a Intracellular signaling cascade  
nup50 Intracellular transport 
abcc9, cacng2a, trpc6, slc34a2a, slc25a28 Ion transport  
xdh, aanat1, pdss1, amt, psat1, sult1st3, nt5e, pla2g6, 
c1galt1c1, atic, atp13a Metabolism 
lhb Neuroactive ligand-receptor interaction, gnrh signaling pathway 
acadvl Oxidation reduction 
cygb2 Oxygen transport 
sox4b Pancreas development  
bmpr2a, aldh1a2, eng2a, bmpr1aa, bmpr1ab Pattern specification process 
prkcq, stk35, prkg1a, stk33, pdpk1b, axin1, ephb4a Phosphorylation 
fabp2 PPAR signaling pathway 
st3gal2l, st3gal5l, gyltl1b Protein amino acid glycosylation  
tuba7l, zgc:153426 Protein complex assembly  
cct7, hsp90b1 Protein folding 
malt1, usp2a, ubr5 Proteolysis 
zgc:63523 Regulation of cell shape  
bms1l Ribosome biogenesis 
ddx3 RIG-I-like receptor signaling pathway 
qk, rbm39b, dus1l, nxf1 RNA processing 
crsp7, vsx1, hoxc13a, pou3f3b, bhlhe40, hoxc11a, nr1i2, 
rfx2, rybpb, thrap6, nkx6.1, ef1, nkx1.2la, dbx2, foxd1, 
pknox2, sfmbt2, per3, tbpl2, isl1 
Transcription , regulation of transcription 
qrsl1, si:ch211-216l23.2, rps15a, mknk2b Translation 
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5. General Discussion 
5.1. The cellular effects of mistranslation on zebrafish proteostasis 
The maintenance of a functional proteome is fundamental to life, even though 
translational errors that occur naturally at a frequency of 10-4 are not associated with cell 
degeneration, small increases in the level of error are detrimental [1]. Loss of 
proteostasis with concomitant proteome aggregation is associated with 
neurodegeneration and cellular ageing [2, 3]. In metazoans different cell types have 
different associated proteomes and the proteostasis network has to fit the functions of 
each type of cell. Different compositions of the proteostasis network may underlie the 
differences observed in response to proteotoxic stress among cell types [4]. 
Additionally, the onset of protein conformational diseases and ageing is associated with 
the loss of proteostasis and the decline of quality control systems. In Caenorhabditis 
elegans, ageing is accompanied by extensive proteome aggregation due to gradual 
collapse of proteostasis. Interestingly, the aggregated protein fraction is enriched in 
proteins that are over-represented in the aggregates of human conformational diseases 
[5, 6]. These examples illustrate the importance of tight control of proteome 
homeostasis and implicate proteotoxic stress conditions in ageing and associated 
diseases. We have shown that ageing in zebrafish is accompanied by accumulation of 
insoluble protein aggregates in line with the observation made in C. elegans, indicating 
that loss of proteostasis is a conserved feature of ageing in eukaryotes. 
 
The major goal of this thesis was to develop a vertebrate model system to 
investigate how proteome aggregation causes cell degeneration and disease. And also to 
understand how cells cope with loss of proteostasis and with protein aggregation. For 
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this, we have destabilized protein structure on a proteome wide scale by 
misincorporating serine at various amino acid sites. We targeted protein structure by 
replacing specific amino acid residues with serine to impact protein stability at different 
levels according to the chemical properties of the WT residue (namely: alanine, glycine, 
leucine and valine) and serine. Since errors in protein synthesis in vertebrates are mainly 
deleterious leading to loss of cellular fitness and disease, the induction of mistranslation 
events decreased zebrafish embryo viability and increased protein aggregation. The 
proteotoxic stress generated by mRNA mistranslation deregulated gene expression, in 
particular genes associated with the stress response, accumulation of protein aggregates, 
increased ROS production and lead to mitochondrial dysfunction.  
 
Since alterations in protein structure can result in protein misfolding and 
aggregation it was not surprising to observe accumulation of ubiquitinated protein 
aggregates in the mistranslating zebrafish. These results correlate with increased 
expression of molecular chaperones and activation of the UPS. Protein aggregates can 
be deposited in the JUNQ and IPOD compartments according to their ubiquitination 
status and salvage potential. Misfolded proteins that maintain solubility accumulate in 
the JUNQ were they can be refolded by molecular chaperones or degraded by the 
associated proteasomes. On the other hand, the terminally aberrant and insoluble 
proteins are concentrated in the IPOD [7]. Our results indicate that protein aggregates 
produced by mRNA mistranslation accumulated in insoluble fractions, but also in the 
JUNQ since we detected accumulation of ubiquitinated protein deposits in the 
perinuclear region and increased proteasome activity.  
Our gene expression results showed that the accumulation of protein aggregates is 
accompanied by up regulation of genes of the proteome quality control systems, which 
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are commonly upregulated during stress. The transcriptional gene expression response 
showed up regulation of cytosolic and ER molecular chaperones and oxidative stress 
defense genes. We have shown that mRNA mistranslation generated by our mutant 
tRNAs activated Hsp70 and Hsp90, which are involved in different steps of protein 
folding. Some of the chaperones can promote folding of newly synthetized polypeptides 
in association with the ribosome; this is the case of Hsp60 and Hsp70, which are 
particularly relevant to control folding of mistranslated proteins. However, Hsp70s can 
also facilitate protein degradation, as can Hsp90 and the sHSPs that function 
downstream of Hsp70 [8]. We also detected activation of the specialized stress response 
UPR though induction of ER chaperones, namely hsp90b1/grp94, hspa5/bip and eIF2α 
kinases that resulted in translational attenuation. Bip is a sensor protein that recognizes 
and binds misfolded polypeptides, keeping proteins in a folding competent state until 
they are properly folded in the ER. It also participates in the translocation and 
stabilization of newly synthetized proteins across the ER membrane. This molecular 
chaperone is a crucial element of the UPR that recognizes increased folding loads in the 
ER lumen and intervenes in protein stabilization or subsequent transport to the cytosol 
and degradation by the proteasome – ERAD system. The ERAD is activated by 
sustained ER stress conditions and recognizes accumulated misfolded proteins, 
redirecting them to the cytosol. Misfolded proteins are labeled with ubiquitin residues 
and retrotranslocated to the cytosol where they are degraded by the 26S proteasome. We 
have detected increased protein ubiquitination and proteasomal activity, in our mutant 
embryos, suggesting that the UPP and UPR contribute to the mistranslation phenotypes. 
The embryos expressing the mutant tRNAs showed similar responses to different types 
of mistranslation indicating that the proteome quality control network detects the 
mistranslated proteins in a similar way. However, misincorporation of serine at alanine 
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sites was the least toxic of the mistranslation conditions tested while serine 
misincorporation at leucine induced higher activation levels of the protein quality 
control components. In other words, the level of proteome instability is correlated with 
the chemical differences between the misincorporated amino acids. This is relevant to 
optimize the zebrafish model for future studies of ageing and proteotoxic stress biology. 
The activation of the UPR by mistranslation also supports our hypothesis that 
mistranslation models can be used to study human diseases. Indeed, the UPR 
coordinates several quality control mechanisms of the secretory pathway, which can 
either be adaptive or pro apototic and play roles in several pathologies such as cancer, 
neurodegenerative, metabolic and inflammatory diseases [9]. Furthermore, ER stress 
signals extend beyond the homeostatic control of the organelle, namely into 
mitochondrial regulation, ROS production and other pathways such as the JNK and 
TOR signaling [10, 11]. Understanding the underlying mechanism connecting ER stress 
management and cellular homeostasis may yet provide important tools to deal with 
human ER associated diseases. On the other hand, deregulation of the UPP is of 
particular interest as ubiquination plays several important functions in parallel with the 
ubiquitin proteasome system. Ubiquitination regulates several cellular events such as 
cell cycle progression, endocytosis, apoptosis and importantly transcription and DNA 
repair; in zebrafish it can regulate lens development [12]. In our model system, stress 
response pathways were activated in a mutant dependent manner that correlates with the 
nature of the amino acid substitutions. Therefore, our method allows for the generation 
of different levels of proteotoxic stress that affect cellular homeostasis differently. 
These results illustrate the activation of the known stress responses to the production of 
aberrant and aggregation prone proteins; indicating that these misreading tRNAs are 
introducing mutations widely through the proteome. 
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5.2. Implication of mRNA mistranslation for ROS production and 
mitochondrial dysfunction 
A link between the UPR and the production of ROS in the ER, or subsequent Ca2+ 
release from the ER targeting the mitochondria and increasing mitochondrial ROS 
production has been addressed in several systems [10, 13-15]. The ER oxidative 
disulfide folding is the main source of ER ROS, as molecular oxygen is the terminal 
electron acceptor and this can produce reactive oxygen species and oxidized glutathione 
[15, 16]. The increased folding demand on the ER lumen produces ROS as a 
consequence of repeated cycles of protein folding and decrease the pool of the 
antioxidant glutathione [13, 17]. ROS accumulation in the cell may expand the damages 
introduced into the proteome by mistranslation, as oxidative damage to proteins also 
affects their function and stability, promoting protein aggregation. Proteome oxidative 
damages are associated with conformational disorders, including Parkinson's disease, 
Alzheimer's disease, and cancer [18, 19]. Our mutant mistranslating tRNAs increase the 
accumulation of insoluble protein deposits, activating the UPR while impacting the ER 
folding ability, thus activating of the unfolded protein response. This prompted us to 
determine if oxidative stress was being generated as a result of the expression of our 
mutant mistranslating tRNAs. We have observed increased ROS production in the 
mistranslating embryos, which leads to high apoptotic levels and elevated embryo 
mortality. In our model, the generation of ROS probably precedes apoptotic signaling. 
Indeed, survival of the mistranslating embryos recovered in the presence of ROS 
scavengers. The increased production of ROS was also accompanied by up-regulation 
of cat, the anti-oxidant genes glrx, mgst1, gstp1 and the peroxissomal pex13, lonp2, 
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zgc:114079 and pmp34 genes. This suggests that peroxisome proliferation is induced at 
the transcriptional level by the oxidative stress associated with mRNA mistranslation.  
ROS are physiologically relevant since they are mediators in various signaling 
pathways, however high levels of ROS lead to oxidative stress that can cause oxidative 
damage to lipids, proteins and nucleic acids. ROS can have diverse origins, namely the 
mitochondria, the peroxisome, the cytoplasm, the ER and the cell membrane; 
nonetheless the mitochondria are likely the most important source of oxidative stress 
[20]. Mitochondrial DNA is very susceptible to oxidative damage due to the high ROS 
content of the mitochondria and also the lack of histones in the mitochondrial genome 
[21-23]. Interestingly our proteotoxic stress conditions lead to the accumulation of 
oxidative damages in the mitochondrial genome, specifically in response to Ser-
tRNACGCAla (0.39 lesions/10Kb), Ser-tRNAUCCGly (0.82 lesions/10Kb), Ser-tRNACACVal 
(0.77 lesions/10Kb) and Ser-tRNACAGLeu (1.62 lesions/10Kb), disrupted the 
mitochondrial network and reduced mitochondrial membrane potential. The mRNA 
profiling showed that the gene expression deregulation pattern was in line with the 
alterations we observed in the mitochondrial network. Important genes to mitochondrial 
homeostasis and maintenance were deregulated, namely park2/parkin that promotes 
degradation of damaged mitochondria and park7/dj-1 which is proteoctive against 
elevated levels of ROS. A group of genes involved in mitochondrial network dynamics 
was also deregulated, in particular rhot2, zgc:63910/mtfp1 and mff. And the 
mitochondrial fusion and fission balance are of crucial importance for diverse biological 
processes such as apoptosis, embryonic developmental and human diseases [24-26]. The 
ER and mitochondria are interconnected at the molecular level, enabling Ca2+ and ATP 
shuttling. This connection increases under stress conditions and potentiates apoptosis 
activation [27, 28]. Also, association of ER and mitochondrial membranes plays a role 
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in the dynamics of mitochondrial attachment to the cytoskeleton [28]. Our work 
indicates that mRNA mistranslation causes ER stress, which has the potential to 
deregulate the mitochondria ER association equilibrium. The observed mitochondrial 
dysfunction alongside with increased oxidative state resume the parameters 
characteristic of several human diseases [29]. Our data suggests that mRNA 
mistranslation disrupts mitochondrial structure through increased fission processes 
associated with elevated cellular ROS levels. Mistranslation can also affect organelle 
stability as a result of errors during cytosolic translation of proteins that integrate the 
organelle structure, a good example are the components of the electron transport chain 
of the mitochondria that are encoded by the nuclear DNA. Our results also suggest that 
the ROS accumulated during mistranslation can be produced both in the ER and in the 
mitochondria, as we observed the induction of the UPR and disruption of the 
mitochondrial network with loss of mitochondrial membrane potential. The folding 
environment of the ER strongly relies on the redox potential of its lumen and stress 
conditions may increase ROS production. The mitochondria are another oxidative stress 
generator since by-products of the mitochondrial respiratory chain and also transmission 
of ER stress to the mitochondria by calcium signalling can increase the cellular ROS 
levels. The increased folding demand of the stressed ER by increased protein misfolding 
and the maintenance of Ca2+ gradients deplete the ER of ATP. As a consequence there 
is an increased demand for ATP production at the mitochondrial respiratory chain 
resulting in increased production of ROS in the mitochondria. Further work will be 
necessary to address the relative contribution of the ER and of other subcellular 
compartments to ROS production during proteotoxic stress generated by mRNA 
mistranslation, nevertheless the ER and mitochondria are likely important players in the 
oxidative stress phenotype of mRNA mistranslation.  
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5.3. Gene expression changes in mistranslating zebrafish embryos 
The study of the response to proteotoxic stress generated on our mutant tRNAS 
showed significant changes in gene expression. The Ser-tRNACAGLeu mutant tRNA was 
the one with the highest effect on gene deregulation, with a marked trend toward gene 
upregulation. Gene Ontology enrichment (Biological Pathway) showed enrichment of 
several GO-terms related to cellular and developmental processes. Several cellular 
processes were deregulated, namely regulation of transcription and oxidation-reduction 
processes, proteolysis, apoptotic processes, dorsal/ventral pattern formation, 
phosphorylation, response to stress, anterior/posterior pattern specification and 
somitogenesis.  
Mistranslating embryos had reduced viability with associated developmental 
malformations and increased apoptotic levels. Deregulation of apoptotic and 
developmental signaling pathways such as Hedgehog, Wnt and Notch was highlighted 
in our transcriptome analysis. Apoptosis is central to vertebrate embryonic development 
as it allows for establishment of tissue identity and also for overall developmental 
progress [30, 31]. The apoptotic stimuli are integrated in intrinsic and extrinsic signaling 
pathways and contribute to tissue homeostasis; so their interactions with other cell 
homeostasis mechanisms pose a very interesting study subject. We have observed 
deregulated levels of several factors that participate in apoptotic activation pathways, in 
particular elements of the extrinsic pathway tnfrsfa, tnfsf10l, fas and casp8, and several 
elements of the intrinsic pathway, namely BCL2L family factors bcl2l, bbc3, bad, baxa, 
bnip3l, bmf1, boka and other apoptosis related genes, such as xiap, bag3, tp53, tp63, 
zgc:158776/diablo, perp, mdm2. The activation of apoptosis at the gene expression level 
is further supported by the increased apoptotic states of mistranslating embryos. 
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Staining of apoptotic cells revealed a sharp increase in cell death for the Ser-
tRNAUCCGly, Ser-tRNACACVal and Ser-tRNACAGLeu. The pattern of apoptotic activation 
correlates with the results previously described in assays to determine the UPR and UPP 
states. Additionally, caspase activation assays (caspases 8, 9, and 3-7) show increased 
activity in responde to mRNA mistranslation. We determined that both the intrinsic and 
extrinsic apoptotic pathways are activated since the misreading tRNAs induced death 
receptors, the Bcl-2 family and effector caspases. This indicates that apoptosis is 
compensating for the effects of aberrant polypeptides being produced due to the mutant 
tRNAs decoding activity. Since apoptosis plays a pivotal role during embryo 
development, our results suggest that proteotoxic stress interferes with developmental 
progression by exacerbating cell death responses. 
Signaling pathways involved in embryo development were highly affected at the 
gene expression level by mRNA mistranslation, as we observed wide deregulation of 
various central signaling pathways in vertebrate embryo development, namely 
Hedgehog signaling, Wnt signaling and Notch signaling. Several negative regulators of 
the Wnt pathway were induced suggesting that this pathway is being repressed by 
mRNA mistranslation. In the case of the Notch pathway we have observed induction of 
a group of factors that function as positive activators. The wide expression deregulation 
of genes involved in the signaling pathways mentioned above (described in detail in 
chapter 3) highlights the fact that mRNA mistranslation strongly disrupts zebrafish 
embryo development.  
The activation of extrinsic cell death pathway is of particular interest considering 
embryonic development, since its mediators in zebrafish are present in several tissues 
including the developing central nervous system [32], and we observed extensive 
deregulation of developmental pathways at the gene expression level as well as 
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compromised developmental progression of zebrafish embryos. Furthermore, we also 
detected activation of apoptosis though the Bcl-2 family unveiling a potential activation 
of mitochondrial deregulation directly dependent cell ER stress, and possibly mediation 
by Bbc3/Puma, a known ER stress signal adaptor of mitochondrial apoptosis [33]. 
Further work is necessary to understand how mRNA mistranslation deregulates 
developmental signaling and more importantly if increased apoptosis does indeed 
interfere in embryo early development. An underlying link between proteotoxic stress 
and developmental deregulation that can be explored is the distribution of the Heat 
Shock Factor (HSF) during mRNA mistranslation. HSFs are transcription factors 
induced by stress conditions that regulate transcription of molecular chaperones. They 
protect cells against proteotoxic stress but are also involved in developmental 
regulation. Recent evidences show that HSF1 and HSF2 knockouts have consequences 
for development of Droshophila melanogaster and mice [34]. We can speculate that 
sequestration of HSFs at chaperone sites may deplete them from their parallel 
transcription activities that are necessary for eukaryotic development. 
 
5.4. MicroRNA misexpression in mistranslating zebrafish 
embryos 
MicroRNAs are a class of small non coding RNA molecules involved in the 
regulation of translation and mRNA decay. They control various cellular processes such 
as cell survival and cell death [35] and can also intervene in embryo development and in 
diseases. Interestingly these regulatory RNAs are a large class of regulatory molecules 
far larger in number than other important regulator, such as kinases and phosphatases 
[36]. They have also been associated to cellular stress responses such as the ER – UPR, 
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indicating that they play an important role in the UPR. Indeed, they function at the 
levels of the UPR factors XBP1 and IREα [37-40]. We tried to identity a miRNA 
signature of proteotoxic stress in zebrafish embryos and our miRNA profiling data 
showed that mRNA mistranslation up regulates miR-145, miR-2195, miR-190b and 
miR-365 and down regulates miR-17a*, miR-27c, miR-732, miR-1, miR-16c and let-
7g. This set of miRNAs and their target genes are poorly described in zebrafish; 
however miR-145 is important for zebrafish gut development and miR-1 is involved in 
angiogenesis and muscle cell development [41-43]. We consider of increased relevance 
the deregulation of miR-2195, miR-145 and miR-27c since they were deregulated in 
several mistranslation conditions. In order to have a general overview of the potential 
gene regulation executed by our proteotoxic stress responsive miRNAs we performed 
target prediction using the Eimmo, Miranda and TargetScan Fish algorithms. This 
revealed that the deregulated miRNAs have several putative targets that are important 
factors in embryo development, apoptosis, cell cycle and cell morphogenesis and 
several of these targets were also deregulated at the gene expression level. For example 
targets of miR-145, in particular plxna4 and which regulate axon branching and 
patterning [44, 45], pnrc2, which is involved in nonsense mediated decay [46], and 
Notch factor otud7b were silenced by proteotoxic stress. We have also analyzed 
putative targets of miR-27c and several of them were deregulated at the gene expression 
level, namely Notch signaling components axin1, apoptosis related factors bad and fas, 
endoplasmic reticulum chaperone hsp90b1/grp98 and transcription factors, such as 
hoxc11a, rfx2, foxd1 and ef1 were upregulated. This suggests that miRNA deregulation 
might be a relevant hallmark of proteotoxic stress and a fundamental contributor to the 
embryonic phenotypic aspects that we observed for the mistranslating embryos. It will 
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be very important to test the regulation of putative targets by de deregulated miRNAs to 
widen our knowledge of the impact of protoeotoxic stress on miRNA regulation. 
 
5.5. Proteotoxic stress transgenics 
The molecular processes of proteotoxic stress have become increasingly relevant 
to understand ageing and ageing associated diseases. Therefore, the establishment of a 
proteotoxic stress zebrafish transgenic line is an important tool to tackle the biology of 
protetoxic stress in a fully developed vertebrate organism. Our transgenic model 
recapitulates the phenotypic aspects that we observed in mistranslating zebrafish 
embryos. We have observed the activation of molecular chaperones and accumulation 
of protein aggregates which are important hallmarks of proteotoxic stress. We have also 
observed disruption of the mitochondrial network, a fundamental aspect of proteotoxic 
stress, that may be related to the increased production of ROS that is associated with 
mistranslation. Additionally, we observed deregulation of miR-145, miR-27c and miR-1 
in this transgenic model which is in agreement with the miRNA deregulation in the 
embryos. Additionally, the miRNAs that we tested so far in the transgenic model are 
also expressed in adult tissues and we anticipate that the effects of miRNA deregulation 
to be present in fully differentiated tissues as well. Vertebrate models of proteotoxic 
stress have been produced in chick embryos and human cell lines, and of particular 
importance and relevance we can highlight the sticky mouse. This mouse model of 
mistranslation is based on editing defective alanyl tRNA synthetase [3] and presents 
extensive degeneration of purkinje cells, and increased protein aggregation. It will be 
interesting to compare the mouse and our transgenic zebrafish models and determine the 
effects on senescence and ageing. Our data show that the zebrafish is an excellent model 
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to study the biology of protoeotoxic stress, but exposure of zebrafish embryos to mRNA 
mistranslation has a deep impact on early development and this might complicate 
dissection of the pathways directly affected by proteotoxic stress. Conversely, the 
transgenic model will allow for the study of proteotoxic stress in a fully developed 
organism and in ageing animals without the complicated gene expression programs 
intrinsic to embryo development. The transgenic model will also be a powerful tool to 
dissect developmental aspects and responses to stress, and proteotoxic stress in 




5.6. Conclusions and future perspectives 
Our data show that tRNA mediated mistranslation induces proteome aggregation 
and activation of the stress response pathways. Therefore, our method is useful to study 
the cellular responses to protein aggregation and proteotoxic stress. Moreover, our 
method generates mitochondrial dysfunction, that together with protein aggregation 
mimic major endpoints of neurodegenerative diseases [29]. Characterization of the 
protein aggregates should provide valuable insight into their composition and it will be 
very interesting to determine which specific proteins are being deposited in these 
aggregates. The mitochondrial deregulation that we have observed should be further 
analyzed to clarify how proteotoxic stress interferes with mitochondrial function. 
Another important aspect of our work is the observed deregulation of miRNA 
expression. There is little information on the role of proteotoxic stress on miRNA 
deregulation and our zebrafish model system creates an opportunity to clarify this issue. 
The targets of the deregulated miRNAs should be experimentally validated in order to 
understand how theses regulators contribute to the mistranslation phenotype. Finally, 
our work shows that it is possible to produce transgenic zebrafish that mistranslate the 
genetic code, using mutant tRNAs. We believe that these fish will provide unique 
opportunities to unravel the biology of proteotoxic stress and clarify how protein 
aggregation cause disease and accelerates ageing. Our data supports a model where 
errors in protein biosynthesis saturate the cell quality control mechanism in the 
cytoplasm and ER, but it will be interesting to clarify whether saturation of protein 
quality control systems is the main trigger of cell degeneration or whether protein 
aggregates are toxic and the main cause of cellular senescence. This work raises several 
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